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CHAPTER 1 
INTRODUCTION AND AIMS OF THIS STUDY 
This thesis is dealing with problems that arise when the remaining orifice in a 
pulmonary valve stenosis is measured with different methods. From a haemo-
dynamical point of view a narrowed orifice induces a rise in pressure proxi-
mal of the stenosis and a decrease in pressure distal to the stenosis 
(Emmanouilides & Baylen 1983). Measurement of the systolic pressure 
difference across the valve (systolic drop) is generally accepted as a measure 
for a pulmonary valve stenosis (Fabricius 1959; Yahini et al. 1960; Wennevold 
& Jacobsen 1978). Pressure, however, strongly depends on heart rate and 
cardiac output, so misinterpretation of this measure is not unlikely without 
having assessed these variables (Verosky & Crossett 1960). Moreover, pressure 
measurements require an invasive investigation. 
It has been observed by surgeons and pathologists that in more severe pul-
monary valve stenosis the stenotic area is circular in appearance, which is 
essential for relating jet diameter and orifice diameter (Utley & Roe 1973; 
Glenn et al. 1975; Derra & Ferbers 1976; Anderson et al. 1988). 
With the introduction of the Gorlin & Gorlin formula in 1951, based on the 
Bernoulli principle, a new approach to the measurement of stenoses became 
available. When using this formula major problems arise not only on theoreti-
cal grounds, but also in clinical practice (Gorlin 1987), because cardiac output 
and pressure difference are not easy to determine in a clinical setting. Never-
theless the Gorlin & Gorlin formula and its derivatives (Bache et al. 1972) are 
generally accepted as a method to calculate the stenotic area. 
At (cine)angiocardiography during catheterisation the contrast flow emerging 
from the right ventricle into the pulmonary artery can also present us with 
information about the narrowing of the valve (Baron 1971). It is attractive to 
assume a relation between the diameter of the jet and the orifice diameter, 
providing information on the severity of a pulmonary valve stenosis (Berman 
et al. 1978). From literature it became evident that this relationship has been 
studied only by a limited number of investigators (Puyau et al. 1968; Baron 
1971; Berman et al. 1978; Castaneda-Zuniga et al. 1978). 
The introduction of echo Doppler techniques allowed non-invasive methods 
to be developed to determine a pulmonary valve stenosis. Reviewing the echo 
Doppler literature on this matter it became evident that the methods used to 
assess the measure of a pulmonary valve stenosis are based on a calculated 
pressure drop and on valve area estimation (Johnson et al. 1984; Kosturakis et 
al. 1984). The calculation of the pressure drop and the estimation of the valve 
area are subjected to the same restrictions as in invasive methods. A major 
advantage of the Doppler technique is its non-invasive character. Besides, 
echo Doppler evaluation of the heart can be repeated many times in the same 
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patient, while it is relatively easy to perform. Catheterisation has to be re-
stricted because of its invasive character and the risk of radiation. 
With the introduction of multigate pulsed Doppler it became possible to detect 
instantaneous blood flow velocities at discrete time intervals during the car-
diac cycle and, hence, the assessment of velocity profiles (Brandestini 1978; 
Hoeks et al. 1981). This allows the detection of flow disturbances, as induced 
by valve stenosis. For example, the jet diameter can be measured as a local 
disturbance of the flow profile in the main pulmonary artery in case of pul-
monary valve stenosis. Our first experience with this technique was published 
as a case report (see chapter 5). A more extensive study on the jet phenom-
enon and its relation to pulmonary valve stenosis has been performed. The 
results of this study are compiled and discussed in this thesis. 
The aim of this study was to find an answer to the following three questions: 
- Is the jet phenomenon measured with multigate pulsed Doppler the same as 
the one seen on the angiocardiogram? 
- What is the degree of agreement between the jet diameter on the angiocar-
diogram, the multigate pulsed Doppler jet diameter, the hydrodynamically 
estimated diameter and the measurement of the orifice at operation? 
- Is it possible to determine the ostium flow or jet diameter with a 
computerised automated procedure, in order to obtain an objective, 
observer independent estimate? 
Defining the severity of a pulmonary valve stenosis with multigate pulsed 
Doppler has not been the primary intention of this investigation. 
To answer these questions various studies were performed in different groups 
of children with the diagnosis pulmonary valve stenosis with or without pa-
tent foramen ovale or atrial septal defect. General information on pulmonary 
valve stenosis is described in chapter 2, while in chapter 3 the principle of 
multigate pulsed Doppler is explained. After discussion of the protocol of 
catheterisation in chapter 4 the following methods to determine the orifice 
diameter were compared: 
- the hydrodynamically estimated diameter (Gorlin & Gorlin, and Bache), 
- the diameter estimation of the jet on the (cine)angiocardiogram, 
- the measure at operation, 
- the jet width diameter estimation with the multigate pulsed Doppler. 
The first publication based on one child with pulmonary valve stenosis is 
described in chapter 5. The relation between the jet diameter on the angio-
cardiogram and the orifice diameter measured at operation is discussed in 
chapter 6. The group of children used in this special investigation is described 
in that chapter. 
The question as to whether the same phenomenon is determined with jet 
diameter measurements from the angiocardiogram and with jet flow diameter 
measurements with multigate pulsed Doppler is discussed in chapter 7. 
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An algorithm to perform an automated fitting procedure has been developed 
and tested in an in vitro model with a tube stenosis. This algorithm is 
described in chapter 8, while in chapter 9 the testing of other algorithms to 
describe the velocity profiles of children with pulmonary valve stenosis is 
presented. The results of these algorithms are compared with the diameter of 
the jet on the angiocardiogram. 
In chapter 10 the use of the four methods mentioned before to determine 
orifice diameter is described in a group of twenty-five patients with pul-
monary valve stenosis. The ages of these children varied between two weeks 
and thirteen years. In fifteen children all four types of measurement were 
executed, in the other ten no hydrodynamic area calculation was performed. 
A final conclusion on the investigations in this thesis is drawn in this chapter. 
A summary is presented in English and in Dutch. 
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CHAPTER 2 
CONGENITAL PULMONARY VALVE STENOSIS: AN INTRODUCTION 
To understand the problems related to pulmonary valve stenosis a literature 
investigation on this subject is reviewed. The main contents of this review 
are: 
- pathological anatomy, 
- incidence, 
- basic physiology, 
- clinical manifestations, 
- some remarks on "severity", 
- natural history, 
- therapy, 
- children under two years old, 
- conclusions drawn from literature. 
Pathological anatomy 
The typical congenital pulmonary valve stenosis is characterised by a dome-
shaped or conical structure of the valve with a narrow outlet at the top (Baron 
1971). The fused leaflets can be recognized as a bicuspid or tricuspid valve, 
while a quadricuspid pulmonary valve is also possible (Selzer et al. 1949; 
Becker 1972). The domed valves project into the pulmonary artery as a conse­
quence of the systolic pressure in the right ventricle. The exact shape of the 
valve is influenced by the thinness or thickness, suppleness or rigidity of 
those fused leaflets. Also the shape of the remaining orifice is influenced by 
the properties of the valve and the fusion of the leaflets. 
In more severe cases of pulmonary valve stenosis, bicuspid valves may have 
an oval opening while the tricuspid but also the four-leaflet valves, have 
more or less circular orifices (Brock 1957; Utley & Roe 1973; Glenn et al. 
1975; Gussenhoven & Becker 1983; Anderson et al. 1988). Very narrow ori­
fices in "pin-point" pulmonary valve stenosis and pulmonary valve atresia 
have the same clinical manifestations (Benton et al. 1962; Kutsche & van 
Міегор 1983). 
A special type of valvular obstruction is formed by dysplastic valves. No 
fusion of commissures is seen but the valves cause obstruction due to their 
thickness. The valves are uniformely thickened with a trifoliate structure and 
are composed of mucoid connective tissue (Koretzky et al. 1969; Jeffery et al. 
1972). These dysplastic valves are seen in a special type of familial pulmonary 
valve stenosis (Linde et al. 1973) but also in non-familial cases and in the 
Noonan's syndrome (Noonan 1968; van der Hauwaert et al. 1978). The dys­
plastic valves may appear in combination with a supra-valvular narrowing of 
the pulmonary trunk. 
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Obstruction of the right ventricular outflow at valvular level is also produced 
by redundant, thin cusps which are mostly trifoliate in structure as has been 
described by Utley and Roe (1973). 
All these forms of pulmonary valve stenosis can appear in combination with 
hypoplasia of the pulmonary valve ring. 
Infundibular stenosis is frequently present and is probably caused by sec-
ondary hypertrophy of the right ventricular wall. This can be an important 
determinant of the stenosis especially after valvotomy of stenosed pulmonary 
valves (Johnson 1959; Watson et al. 1960). 
There often is a post-stenotic dilatation of the pulmonary trunk, but the de-
gree of dilatation has no relation with the severity of the stenosis (D' Cruz et 
al. 1964). Similarly post-stenotic dilatation of the left pulmonary artery can 
occur (Muster et al. 1982). 
Mostly the right ventricle has a normal dimension, but a diminutive right 
ventricle is sometimes seen in newborns in combination with tricuspid hypo-
plasia and deformity of the pulmonary leaflets (Williams et al. 1963; Freed et 
al. 1973; Rao et al. 1976). Ebstein's malformation and tricuspid dysplasia are 
frequently seen in combination with critical, pin-point pulmonary valve 
stenosis, while according to Becker the right ventricle hypoplasia is rarely 
severe (Becker & Anderson 1981). 
However, this entity is not the subject of investigation, as this study is 
dealing with "isolated" pulmonary valve stenosis only. In isolated pulmonary 
valve stenosis no ventricular septal defect is present, so the term pulmonary 
valve stenosis with intact ventricular septum should be more correct in order 
to avoid confusion with a tetralogy of Fallot (Loogen 1959/60). Beçu et al. 
(1976) described isolated pulmonary valve stenosis as part of a more wide-
spread cardiovascular disease with myocardial necrosis. 
A patent foramen ovale or atrial septal defect may be present. Due to the 
elevated right ventricular end-diastolic pressure in severe pulmonary valve 
stenosis, the shunting through the atrial septum is directed from right to left 
(Roberts et al. 1980). 
Most cases of pulmonary valve stenosis have a normal left-sided aortic arch. 
Right-sided aortic arch and pulmonary valve stenosis without ventricular 
septal defect is described e.g. by Gamble and Nadas (1965); a tetralogy of 
Fallot must be excluded. 
Incidence 
The incidence of pulmonary valve stenosis with intact ventricular septum 
defect lies between 8 and 10% of all congenital heart diseases (Grosse-
Brockhoff & Loogen 1959; Steinbicker et al. 1966; Seidel & Seidel 1968; 
Roberts et al. 1980; Emmanouilides & Baylen 1983). Familial occurence has 
been described but is rare (Campbell 1962; Klinge & Baekgaard Laursen 
1975) and the recurrence in siblings is 2.9% according to Nora et al. (1970). 
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The prevalence in boys and girls is the same. Sometimes pulmonary valve 
stenosis is part of a distinct syndrome, like the Noonan's syndrome or the 
Leopard syndrome (Gorlin et al. 1969). More syndromes are described in 
literature on pulmonary valve stenosis, but it is out of the framework of this 
thesis to list them all. 
Every degree of obstruction, with or without a left to right or right to left 
shunt at atrial level, will produce a different clinical picture. To understand 
this picture some knowledge of basic physiology is essential and some major 
points of interest will be described. 
Basic physiology 
The stenotic pulmonary valve is an obstruction to ejection of blood from the 
right ventricle. The consequence of the obstructed blood flow is a rise in 
systolic blood pressure in the right ventricle depending on the severity of the 
obstruction and cardiac function. On account of the workload of the right 
ventricle a hyperplasia and hypertrophy of the muscle fibers in the right ven-
tricle will develop to provide adequate cardiac output. Not only right ventri-
cle hypertrophy is present, but also the left ventricle reacts to the pulmonary 
valve stenosis with hypertrophy. The function of the left ventricle will deteri-
orate when the right ventricle is subjected to an increase of the afterload as 
occurs in pulmonary valve stenosis (Harinck 1974; Beçu et al. 1976; Harinck 
et al. 1977). 
In mild or moderate pulmonary valve stenosis a normal cardiac output is sus-
tained; in severe cases of pulmonary valve stenosis, however, the right ventri-
cle may fail especially at exercise (Krabil et al. 1985). In "pure" pulmonary 
valve stenosis no ventricular septal defect is present and the pressure in the 
right ventricle may exceed the pressure in the left ventricle. The more severe 
the pulmonary valve stenosis, the higher the systolic pressure in the right 
ventricle. In these cases the peak of the systolic pressure occurs at the end of 
the systole and the closing of the pulmonary valve is also delayed (Arciniega 
et al. 1961). 
The hypertrophy tends to maintain a normal stroke volume, but when the 
severe pulmonary valve stenosis exists for a long time the ventricle will dilate 
and heart failure will be the consequence. Fibrosis of the right ventricle myo-
cardium is a consequence of a long-standing right ventricular hypertrophy 
(Johnson 1962; Mcintosh & Cohen 1963). When the right ventricular muscle 
fails, the pressure in the right atrium rises due to a higher filling resistance of 
the right ventricle with raised end-diastolic pressure (Grosse-Brockhoff & 
Wolter 1958). In case of a patent foramen ovale or an atrial septal defect the 
elevated right atrial pressure may give rise to a right-to-left shunt when this 
pressure exceeds the left atrium pressure. In these cases cyanosis may occur. 
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In moderate pulmonary valve stenosis short periods of right-to-left shunting 
can be present especially during a Valsalva manoevre as right atrial pressure 
rises above the pressure in the left atrium (Lunde & Abrahamsen 1980). When 
cardiac output is severely decreased, peripheral cyanosis occurs due to in­
creased oxygen extraction by the tissues. 
The symptoms found in the child at examination and supplementary investi­
gations are closely related to the pathophysiology. 
Clinical manifestations 
It should be emphasized that most of the symptoms occur primarily in 
children over two years old. The clinical manifestations depend on the degree 
of pulmonary valve stenosis and in severe pulmonary valve stenosis also on 
the age of the child. Some authors (Luke 1966; Freed et al. 1973; Ottenkamp 
& Rohmer 1980) differentiate the clinical symptoms in infants and in children 
with severe pulmonary valve stenosis, as will be discussed later on. 
Manifestations such as dyspnoea and fatigue at exercise are common in 
patients with severe stenosis. Even precordial pain and fainting are possible if 
cardiac output cannot increase. This will create an emergency situation 
especially if "right-sided" angina is present (Lasser & Genkins 1957). Also 
hypoxic spells are life-threatening, indicating failure of the right ventricle. 
Central cyanosis may be a serious sign of right ventricle failure, but is only 
possible in cases where a patent foramen ovale or an atrial septal defect is also 
present. Peripheral cyanosis is not a reliable symptom in severe pulmonary 
valve stenosis, as this type of cyanosis may be caused by a low cardiac output 
state. 
The physical development of patients with pulmonary valve stenosis is normal 
(Fabricius 1959), except in children with Noonan's and other syndromes. A 
few children with Noonan's syndrome are present in our study. Typical as­
pects of the Noonan's syndrome are short stature, webbed neck, low set ears, 
hypertelorism, mental retardation, sternal malformation, undescended testes 
and bleeding disorders (Noonan 1968; Nora et al. 1970; van der Hauwaert et 
al. 1978; Festen 1980; Ruige & Van Oostrom 1986). Patients with other syn­
dromes are not present in this study. 
The Α-wave of the jugular pulse, but also of the liver pulse, grows progress­
ively larger as the degree of obstruction in the right ventricle increases due to 
the right ventricular end-diastolic pressure. Unfortunately this pulse is not 
always visible, especially not in younger children. A large Α-wave is associ­
ated with an absent or gradual Y-descent and indicates right ventricular mus­
cular hypertrophy with improper diastolic filling (Tavel 1973). 
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Right ventricular pulse may be palpable at the lower left sternal border in 
moderate and severe stenosis (Schmidt & Craige 1965). When the murmur is 
louder than grade 4/6 a thrill is present in the second or third inter-costal 
space along the left sternal border and in the supra-sternal notch. 
The typical murmur in pulmonary valve stenosis is a crescendo-decrescendo 
low frequency systolic murmur, best heard in the second or third left inter-
costal space. The aspect of the murmur becomes higher in frequency when 
the stenosis gets more severe. Pin-point pulmonary valve stenosis in the neo-
nate is marked not by a loud but by a high-frequency murmur. 
The systolic maximum and loudness of the murmur are related to severity. 
The systolic murmur is preceeded by a systolic ejection click (Hultgren et al. 
1969) and the interval between the first sound and the click is inversely rela-
ted with severity (Gamboa et al. 1964). A systolic ejection click is not always 
present; in severe pulmonary valve stenosis (Gamboa et al. 1964) and in cases 
with dysplastic valves no click is audible (Koretzky et al. 1969). 
The respiratory variation in splitting of the aortic and pulmonary part of the 
second heart sound can be heard in mild and moderate pulmonary valve 
stenosis, while in severe stenosis the pulmonary part of the second sound is 
nearly audible. The degree of splitting during expiration may also be used as 
a measure of severity (Landtman et al. 1961). Also the interval between the Q 
on the electrocardiogram and the ejection click, and the interval between the 
Q and the peak of the systolic murmur indicate severity (Leatham & Weitz-
man 1957; Gamboa et al. 1964). 
Diastolic murmurs are rarely heard, but the contraction of the right atrium 
may produce a fourth heart sound. This contraction may even open the pul-
monary valve in diastole, however, without significant output (Leatham & 
Weitzman 1957; Vogelpoel & Schrire 1960); in severe pulmonary valve stenosis 
an end-diastolic ejection click (inspiratory) can be noticed (Flanagan & Shah 
1977). All these phenomena can be recorded with phonocardiography, which 
may be used in order to predict the severity of the pulmonary valve stenosis 
non-invasively. 
The electrocardiographic manifestations strongly correlate with the kind of 
the valve and with the haemodynamics of the pulmonary valve stenosis. In 
30-40% of the patients with mild pulmonary valve stenosis the electro-
cardiogram is normal. When a moderate pulmonary valve stenosis exists, only 
about 10% of the patients has a normal electrocardiogram, while severe pul-
monary valve stenosis is nearly always combined with a pathological tracing 
(Nadas & Fyler 1972; Emmanoulides & Baylen 1983). The individual variation 
is vast and a normal electrocardiogram does not exclude a high right ventricu-
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lar pressure (DePasquale & Burch 1960; Boyle et al. 1964). In severe stenosis 
Bossina (1958) nearly always found right ventricular hypertrophy which did 
not occur in cases with moderate stenosis. However, there is not always a 
relation between the height of the pressure in the right ventricle and the 
severity of the hypertrophy seen on the electrocardiogram. Also the right 
deviation of the QRS-axis seems to have no relation with the pressure in the 
right ventricle (Orme & Adams 1952; Bossina 1958). Boyle et al. (1964) and 
Gersony et al. (1967) do agree with this view, while Cayler et al. (1958) pre-
dict the right ventricular pressure from the electrocardiogram, just like 
Rudolph (1974). 
In spatial vectorcardiography with the corrected orthogonal Frank system a 
correlation exists between right ventricular pressure and the maximum right-
ward spatial vector or the sum of these spatial vectors (Gamboa et al. 1966). 
Today this technique is rarely used. 
The characteristic feature of pulmonary valve stenosis on the X-ray consists 
of an enlarged heart with a prominent main pulmonary artery segment, which 
is called "post-stenotic dilatation". Also an enlarged right atrium and a de-
creased pulmonary artery vascularity are seen. The post-stenotic dilatation, 
sometimes in combination with dilatation of the left pulmonary artery 
(Muster et al. 1982) may be absent in infants and small children and in com-
bination with dysplastic valves (Hoeffel et al. 1977; Castañeda-Zuniga et al. 
1978). The degree of dilatation is not related to the severity of the stenosis 
(Ellison et al. 1977). The pulmonary vascularity will diminish after a decrease 
in cardiac output, so in more severe cases this effect is seen. Also in a sub-
stantial right to left shunt at atrial level a decrease in pulmonary vascularity 
will be noticed. 
With right ventricular failure a marked cardiomegaly is present especially in 
the infant with pin-point pulmonary valve stenosis. 
A left aortic arch and a descending aorta on the left side are normal, but a 
right aortic arch and right descending aorta have been described (Bressie 
1964; Gamble & Nadas 1965; Hastreiter et al. 1966). 
Echocardiographic investigation can present information on the morphology of 
the valve and on the haemodynamic consequences of the stenosis. The M-
mode echocardiography (Moodie 1980) may appear normal in mild stenosis. 
The pulmonary valve on the M-mode shows an a-dip as an abnormal deep 
presystolic motion of the cusps produced by atrial contraction (Weyman et al. 
1974; Leblanc & Paquet 1981), but unfortunately this phenomenon is not 
specific (Acquatella et al. 1979). In the moderate and severe pulmonary valve 
stenosis the right ventricular anterior wall is hypertrophied and eventually a 
dilatation of the right ventricle is present. 
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With two-dimensional techniques the thickened stenotic valve may be visual-
ised, even the doming of the valve and the eventually coexisting infundibular 
stenosis and post-stenotic dilatation of the pulmonary artery. The stenotic 
orifice itself is usually hardly visible (Weyman et al. 1977). 
With the introduction of Doppler techniques other methods became available 
for predicting the severity of a pulmonary valve stenosis. Especially the com-
bination of two-dimensional echocardiography and Doppler techniques ap-
peared to be very useful. 
Pulsed Doppler echocardiography merely qualifies pulmonary valve stenosis 
(Goldberg et al. 1979) or quantifies mild pulmonary valve stenosis (Lima et al. 
1983a), while continuous wave Doppler can measure higher velocities down-
stream from the stenotic region of interest and so predict more severe sten-
oses. With a simplified Bernoulli equation a transvalvular pressure drop can be 
calculated as was shown by Holen et al. (1976) and Halle et al. (1978). This 
method is also effective in determining the severity of pulmonary valve 
stenosis (Lima et al. 1983b; Johnson et al. 1984; Houston et al. 1985; Burck-
hardt et al. 1986; Goldberg et al. 1986) but it is dependent on cardiac output. 
Multigate pulsed Doppler technique can be used in determining the diameter 
of the jet, emerging from the stenotic valve. The jet diameter should have a 
relation with severity and is probably independent of cardiac output in the 
normal range. Methods and techniques to support this statement are described 
in this thesis. 
With heart catheterisation it is necessary to measure a pressure drop across the 
stenotic valve of more than IS mmHg in order to be sure of the diagnosis 
pulmonary valve stenosis. Of course also the pressure in the right ventricle is 
indicative in pulmonary valve stenosis. When together with a reduced cardiac 
output a low pressure is measured, the severity of pulmonary valve stenosis 
may be misinterpreted (Verosky & Crosset 1960; Johnson et al. 1972). Calcu-
lation of the orifice area using the pulmonary flow and (mean) pressure dif-
ference (Gorlin & Gorlin 1951) is a better method to determine the severity 
of the stenosis. 
During catheterisation angiocardiography is useful in establishing the stenotic 
valve and accompanying heart defects, such as infundibular stenosis and 
supra-valvular stenosis. 
In clinical decision-making it is very important to determine the degree of 
stenosis. Different approaches of gradations of severity are described without 
claiming a complete enumeration. 
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Some remarks on "severity" 
It is important to know a measure for the orifice of a stenosis, as course, 
prognosis, and surgical management of the patients depend on the degree of 
obstruction. Clues to assess the severity of pulmonary valve stenosis are given 
by symptoms, phonocardiographic data, and electrocardiogram, but haemody-
namic data provide more reliable information (Nadas et al. 1977). 
Nowadays again determination of severity is based on calculated pressure 
drop across a stenotic valve with the aid of echo Doppler techniques (Hattle et 
al. 1978; Burckhardt et al. 1986; Aldousany et al. 1989). 
Hugenholtz et al. (1963) stated that the most reliable single parameter in the 
evaluation of pulmonary valve stenosis is an estimate of the valve opening size 
based on orifice area calculations. Though the pressure drop is a valuable 
parameter, it is also a variable parameter as it depends on cardiac output 
during anaesthesia (Verosky & Crossett 1960; Mandelbaum et al. 1963). 
Nevertheless criteria of severity are mostly based on catheterisation data and 
usually concern peak right ventricular pressure or the systolic pressure drop 
across the stenotic valves. The peak-to-peak systolic drop is used in a formula 
of Bache et al. (1972), originally developed to determine the orifice area in 
aortic valve stenosis. The instantaneous maximal pressure drop is also used in 
another formula of Bache et al. (1972) but nowadays more attention is paid to 
the determination of a pressure difference from a velocity difference with 
Doppler ultrasound that calculates the same instantaneous pressure drop. In 
the classic formula of Gorlin & Gorlin (1951) the mean pressure drop, which 
is more difficult to calculate, is used. The reason for using the peak-to-peak 
pressure drop for judging the severity of a stenosis lies in the fact that these 
data are more easily produced in order to calculate the remaining orifice with 
the aid of cardiac output. 
Most authors have based the degree of severity of the pulmonary valve sten-
osis on resting values of the right ventricular pressure and/or the drop across 
the stenotic valve. It should be interesting to follow the haemodynamics at 
time of exercise (Lewis et al. 1964; Ikkos et al. 1966; Howitt 1966; Jonsson & 
Lee 1968; Moller et al. 1972; Stone et al. 1974) or the effect of drugs such as 
isoproterenol (Moss & Quivers 1963; Brodsky et al. 1970; Neal et al. 1974; 
Truccone et al. 1977). The main aim of using exercise and sympathomimetic 
drugs is to increase or mimic the increase of the cardiac output (and heart-
rate) in contrast with the situation during catheterisation, when due to anaes-
thetics, the cardiac output is normal or below normal. It has to be stressed 
that isoproterenol cannot replace exercise, however, exercise is only possible 
when the patient is not sedated and sedation is usually necessary for children. 
Isoproterenol may produce more severe infundibular stenosis (Neal et al. 
1974) and the myocardial oxygen consumption is increased while it has a 
different effect on the afterload and pressure-energy ratio (Krasnow et al. 
1964). As a criteria of severity, Brodsky et al. (1970) suggested using a ratio 
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of the change in peak systolic pressure difference over the change in cardiac 
output, before and during isoproterenol infusion. 
The following arbitrary classification of severity consists of three degrees 
(Blumenthal et al. 1971) based on therapeutic intervention: 
- mild: operation is unnecessary 
- moderate: operation is dubious 
- severe: operation is recommended within one year and is 
regarded as undoubtedly advantageous. 
Different authors use more or less different pressure values as a measure for 
severity. A selection from the literature is shown in table 2.1.A and B, in 
which peak right ventricular pressure and/or systolic pressure drops are listed 
in sequence of the year of publication. 
Table 2.I.A. List of severity criteria based on pressure measurement in 
pulmonary valve stenosis 
author peak systolic right ventricular 
pressure (mmHg) 
Fabricius 1959 
Yahini et al. 1960 
Engle et al. 1964 
Tinker et al. 1965 
Levine & Blumenthal 1965 
Steinbicker et al. 1966 
Brodsky et al. 1970; 
Blumenthal et al. 1971; 
Danielson et al. 1971 
Young & Mark 1973 
Mody 1975; 
Wennevold & Jacobsen 1978 
mild 
30-60 
<50 
<70 
30-50 
<80 
35-50 
<75 
<80 
<60 
moderate 
60-120 
50-100 
70-130 
50-100 
80-120 
55-100 
75-100 
80-120 
60-100 
severe 
> 120 
> 100 
> 130 
> 100 
> 120 
105-300 
> 100 
> 120 
> 100 
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Table 2.1.В. List of severity criteria based on pressure measurement in 
pulmonary valve stenosis 
author right ventricular - pulmonary artery 
peak-to-peak systolic drop (mmHg) 
Brodsky et al. 1970; 
Blumenthal et al. 1971 
Ellison et al. 1977 
Emmanouilides & Baylen 
Bashour et al. 1984 
1983 
mild 
<50 
25-49 
<40 
<50 
moderate 
50-80 
50- 79 
40-79 
50-100 
severe 
> 80 
> 80 
> 80 
> 100 
Less dependent on cardiac output, state and time of investigation is the ratio 
of the peak right ventricular systolic pressure over the peak systemic arterial 
(or left ventricular) pressure (RV/LV ratio), assuming that the myocardial 
depression due to anaesthetics is the same for the right and left ventricle. 
Various criteria of the RV/LV ratio are given by different authors (see table 
2.2). 
Table 2.2. List of severity criteria based upon peak right ventricular/left 
ventricular ratio in pulmonary valve stenosis 
author right ventricular / left ventricular 
systolic pressure ratio 
mild 
<0.5 
-
_· · 
moderate 
0.5-0.75 
-
< i.o 
severe 
>0.75 
> 1.0* 
> 1.0 
Gasul 1966 
Anderson & Nouri-
Moghaddam 1969 
Emmanouilides 
& Baylen 1983 
* in combination with symptoms and a right ventricle and right atrium hyper­
trophy on the electrocardiogram 
** right ventricular pressure < 50 mmHg 
The majority of the criteria of severity based upon pressure measurements 
during catheterisation are compared with other developed criteria mentioned 
below. 
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Silber et al. (1951) introduced the Stenotic índex (= pressure drop/cardiac 
output) as an approximate numerical expression of the dynamic significance 
of pulmonary valve stenosis. Bidoggia et al. (1956), Funes et al. (1956) and 
Pietrafesa et al. (1956) published together the Right Ventricular Strain index 
in a formula indicating the relationship between total work and useful work 
for the right ventricle. However, the Stenotic Index and the Strain Index are 
rarely used by other investigators. Another possiblility to determine the 
severity of pulmonary valve stenosis is to calculate the Pulmonary Valve 
Resistance (Dow et al. 1950; Bassingthwaighte et al. 1963; Moller & Adams 
1966) or the Right Ventricular Work Index (Bassingthwaighte et al. 1963), 
depending on cardiac output, right atrium mean pressure and right ventricular 
mean systolic pressure. This calculation is also seldom used as it is based on 
invasive data. It is clear that the disadvantages of invasive investigations gave 
rise to the non-invasive methods. 
A pressure in the right ventricle of > 100 mmHg can be expected when one 
or several of the following changes on the electrocardiogram can be observed: 
- R-wave in V4R or Vj is 20 mV or more (Cayler et al. 1958; Rudolph 1974), 
- abnormal right-sided S-T segment and T-wave changes (Silverman et al. 
1956), 
- Ρ-wave enlargement (Scherlis et al. 1963). 
According to Rudolph (1974) the height of the R in V4R or Vj (in mm) χ 5 = 
the right ventricular pressure in mmHg (patients between 2-20 years old). 
Gamboa et al. (1964) estimated a correlation between the Q-click interval (r -
- 0.77), splitting of the second heartsound (r » 0.84) and Q-peak systolic 
murmur interval (r = 0.72) with the peak right ventricular pressure. 
As the more physical signs provide a better prediction of the severity, Ellison 
et al. (1977) developed a multi-variate analysis in their joint study on natural 
history of congenital heart defects. These authors used data of the intensity of 
the murmur and electrocardiogram data to predict the pressure drop across 
the pulmonary valve. The score in mmHg cannot actually predict the real 
drop, but may be helpful in deciding to catheterise or not. 
As already mentioned before, the introduction of echo Doppler technique 
offered new possibilities for determining severity. But again pressure or 
pressure drops remain parameters in determination of the grade of severity 
(Johnson et al. 1984; Kosturakis et al. 1984; Currie et al. 1986). It must be 
remembered that the Doppler technique measures an instantaneous maximal 
pressure drop and not the peak-to-peak drop as is generally used in catheter-
isation. A severe stenosis may be overestimated, while a moderate drop is 
underestimated by echo Doppler as is described in aortic valve stenosis 
(Rijsterborgh & Roelandt 1987). 
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Natural history 
It is evident that the prognosis of the clinical condition in pulmonary valve 
stenosis depends on the severity of the obstruction (Snellen et al. 1968). The 
severity of the obstruction can be determined using invasive techniques, how-
ever, there is a tendency to use non-invasive methods (Odemyiwa & Hall 
1986). Mild to moderate pulmonary valve stenosis usually does not increase in 
severity with age (Moller & Adams 1965; Lueker et al. 1970; Mody 1975) 
except in infants under the age of one year in which mild or moderate can 
change into severe (Mody 1975; Wennevold & Jacobsen 1978). Also Levine 
and Blumenthal (1965) stated that a most striking progression of severity 
could be observed in infants in whom the electrocardiogram was normal or 
showed border-line right ventricular hypertrophy pattern during the first year 
of life. Later on in childhood they showed right ventricular hypertrophy up to 
a strain pattern on the electrocardiogram. 
Dalinowicz et al. (1975) found that an absolute decrease in calculated orifice 
area usually seemed to be caused by infundibular hypertrophy rather than by 
narrowing of the valve orifice. Especially in the lower age group the same 
authors found a rise in right ventricular pressure, while others stated that 
increase is uncommon with increasing age (Fabricius 1959; Engle et al. 1964; 
Tinker et al. 1965; Levine & Blumenthal 1965; Moller & Adams 1965; Lueker 
et al. 1970; Miller et al. 1973). Generally speaking, in the majority of patients 
right ventricular pressure does not change in time and this suggests an in-
crease in valve area in proportion to body surface (Moller & Adams 1965; 
Lueker et al. 1970). The differences between the results from some authors 
may be caused by their selection of patients. The patients with more severe 
stenosis are operated on, while not all mild to moderate pulmonary valve 
stenosis are catheterisized or recatheterisized. The operated patients really 
have changed the "natural history". Today patients with severe pulmonary 
valve stenosis are operated upon or balloon dilatation is performed. Today 
they have a good prognosis to survive and grow into adulthood (Johnson et al. 
1972; Reid et al. 1976; Kopecky et al. 1988). 
If a mild obstruction remains, there is a continuous danger of bacterial endo-
carditis (Engle et al. 1964) but on the other hand operation will not prevent or 
protect the patient from this infection (Levine & Blumenthal 1965). In the 
moderate to severe pulmonary valve stenosis, deterioration of the disease is 
caused by right ventricular dysfunction with fibrosis of the right ventricle 
and congestive heartfailure followed by death (Johnson 1962; Mcintosh & 
Cohen 1963; Hoffman 1969). A post-mortem study of non-operated patients 
with pulmonary valve stenosis by Greene et al. (1949) shows a large group of 
patients under thirty-one years of age. These patients not only died of heart 
failure but also of tuberculosis of the lungs and of bacterial endocarditis. 
However, White et al. (1950) described a rare case of a woman of seventy-
five years old with a severe pulmonary valve stenosis. 
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Therapy 
Echo Doppler and/or catherisation should be used to establish the diagnosis of 
pulmonary valve stenosis. The classification of severity, made by Blumenthal 
et al. (1971), is based on the necessity of operation. The decision to relieve the 
stenosis surgically (or in another way) should depend on clinical signs 
(Johnson et al. 1972) and not only on the pressure drop or its derivatives 
alone. Nadas (1972), and Young and Mark (1973) are convinced that the life-
expectation is limited regardless of the severity of the disease and they pro-
pose to consider operation also in asymptomatic patients. The indication for 
operation would have its caesura between the moderate and the severe 
classification if there exists a combination with complaints and/or clincial 
symptoms. 
Nugent et al. (1977) recommended surgical intervention in children with a 
pressure drop at rest of 50 mmHg or more, while Campbell (1969) rec-
ommended valvotomy before the age of seventeen when a drop of 40 mmHg 
is present. The onset of symptoms such as severe cyanosis, hypoxic spells, 
precordial pain, and congestive heartfailure means that intervention must be 
undertaken without delay. Of course congestive heart failure must be treated 
with medication such as digoxin and diuretics, but nowadays balloon 
valvoplasty or operation are indicated to relieve the stenosis. 
Kan and her colleagues (1982) were the first who dilated pulmonary artery 
valves in an eight year old child. Nowadays their method is generally accepted 
and in some clinics even the first therapy opted for (Lababidi & Wu 1983; 
Rocchini et al. 1984; Tynan et al. 1985; Hess et al. 1987). This procedure is 
even valuable in the neonate with critical pulmonary valve stenosis (Awariefe 
et al. 1983; Anderson et al. 1987) and preferred by most authors to a trans-
ventricular Brock's procedure (Brock 1948). Due to their anatomical structure 
dysplastic pulmonary valves cannot be dilated, so balloon dilatation is not 
indicated (Musewe et al. 1987). 
When dealing with dysplastic valves, these valves may require excision. A 
trans-annular patch can be inserted when a hypoplastic valve ring is present 
(Watkins et al. 1977; Vancini et al. 1980; Griffith et al. 1982). Resection of an 
infundibular stenosis is not always necessary and depends on the fixation of 
the infundibular obstruction (Johnson 1959; Utley & Roe 1973; Griffith et al. 
1982; Arendrup et al. 1983). A resection of the infundibulum is indicated 
when it is fixated. 
The temporary use of prostaglandin E1 to re-open the ductus arteriosus is of 
great advantage in saving critically ill cyanotic neonates (Olley et al. 1976). If 
haemodynamics are to be restored to normal and additional defects have to be 
closed, surgical intervention using cardiopulmonary bypass should be chosen. 
An atrial septal defect or patent foramen ovale must be closed especially in 
severe pulmonary valve stenosis, considering the inadequate distensibility of 
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the right ventricle and the persistence of a right-to-left shunt (Johnson 1962; 
De Castro et al. 1970; Samaan 1972). 
Composed of data from Blumenthal et al. (1971) and Emmanouilides and 
Baylen (1983) the indications for treatment in pulmonary valve stenosis in 
children over two years old are listed: 
- mild pulmonary valve stenosis: 
no operation indicated, 
- moderate pulmonary valve stenosis: 
no operation is indicated if no complaints exist; eventually progression 
should be followed by echo Doppler cardiography and/or catheterisation, 
- severe pulmonary valve stenosis without complaints: 
operation should be considered; an RV/LV ratio > 1 and high diastolic 
right ventricular pressure are indications for operation before deterioration 
of the myocardium will develop (Mcintosh & Cohen 1963), 
- severe pulmonary valve stenosis with complaints: 
instant operation is necessary. 
Children under two years old 
Some remarks on clinical manifestations must be made concerning infants and 
young children with severe pulmonary valve stenosis. Various authors stressed 
the differences in clinical behaviour of these patients (Luke 1966; Mustard et 
al. 1968; Anderson & Nouri-Moghaddam 1969; Freed et al. 1973; Mietinnen & 
Rees 1977; Ottenkamp & Rohmer 1980; Awariefe et al. 1983; Coles et al. 
1984). 
In neonates and infants cyanosis is generally seen from the first few weeks on 
already. Cyanotic spells in these cases are life-threatening. As the same 
phenomenon occurs in the tetralogy of Fallot the diagnosis and therapy should 
not be confused. Often right ventricular heart failure with low cardiac output 
is present with signs of failure to thrive. 
Miettinen and Rees (1977) suggested a different scheme of severity of pul-
monary valve stenosis for patients under the age of two years: 
- not severe: absence of criteria for severe 
- severe: 
- right ventricular systolic pressure > 150 mmHg, or: 
- RV/LV systolic pressure ratio > 0.5, and congestive heart failure and a 
cardiac-thoracic ratio of > 0.65 on the X-ray, or: 
- right ventricular systolic pressure exceeds systolic pressure in systemic 
artery by > 20 mmHg, and arterial oxygen saturation < 88% 
In these infants and children digitalisation and diuretics are useful but instant 
intervention by balloon valvoplasty or surgical valvotomy is indicated. 
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Endocarditis prophylaxis is indicated even after valvotomy or balloon angio-
plasty because a residual pulmonary valve stenosis and/or pulmonary valve 
regurgitation are nearly always present. 
Coles et al. (1984) suggested that in the neonatal period peri-operative 
prostaglandin £ 1 should be administered in combination with valvotomy. 
According to Coles a Blalock-Taussig shunt should be executed to reduce 
mortality, if weaning from the prostaglandin during the first two days was 
not possible. 
Conclusions drawn from literature 
Pulmonary valve stenosis is not a rare heart defect. Pulmonary valve stenosis 
is diagnosed if there exists a pressure drop across the pulmonary valve of 
more than 15 mmHg at resting conditions. Complaints are mostly depending 
on severity. There is a distinct difference in manifestations between children 
under and above the age of two resulting in different indications for treat-
ment. 
Severity of pulmonary valve stenosis can be subdivided into mild, moderate or 
severe according to various parameters. A very important invasive parameter 
less dependent on cardiac functioning, is the RV/LV ratio. 
Based on the data in table 2.2 the following, also arbitrary, classification is 
chosen for all patients referred to in this study: 
mild moderate severe 
RV/LV < 0.5 0.5 < RV/LV < 1 RV/LV > 1 
In this thesis the classification in severe (RV/LV > 1) and less severe 
(RV/LV < 1) is also used without the appreciation of mild and moderate. 
In table 2.3 a compilation of clinical manifestations is listed for patients at the 
age of over two years. 
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Table 2.Э. Summary of important signs and investigation methods indicating 
the severity of pulmonary valve stenosis 
signs and symptoms 
complaints (dyspnoea, 
palpitation) 
cyanosis 
growth 
jugular A-waves 
right ventricular pulse 
precordial thrill 
large heart 
loudness of murmur, grade 
peak systolic murmur 
systolic opening/ 
ejection click** 
splitting second sound 
loudness second sound 
fourth heart sound 
mild 
-
-
normal 
-
-
-
-
<3/6 
early 
systole 
+ 
+ 
+ 
-
moderate 
± 
-
normal 
-
+ 
+ 
-/± 
3/6-4/6 
before mid 
systole 
± 
++ 
± 
-
severe 
+ 
+ 
normal 
+ 
+ 
+ 
+ 
4/6* 
late 
systole 
-
+++ 
-
+ 
cardiac catheterisation mild moderate 
* except pin-point pulmonary valve stenosis and heart failure 
** not present in dysplastic valves 
severe 
right-to-left shunt 
(atrial level) 
pressure in right and 
left ventricle 
pulmonary valve 
resistance (dynes.s.cm"6) 
orifice area (cm2.m~2) 
cardiac output 
infundibular stenosis 
-
L V » R V 
<600 
1-2 
normal 
-
+ 
L V > R V 
600-1200 
0.25-1 
normal 
± 
+ 
RV> LV 
1200-1400 
<0.25 
normal to 
decreased 
+ 
- = not present 
± = not always present 
+ = present 
++ = clearly present 
+++ = explicitly present 
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Table 2.3 continued 
electrocardiogram 
QRS-axis (degree) 
QRS-pattern, right 
precordial leads 
P-wave hypertrophy 
R in Vj (mm) 
T-wave right precordium 
R/S ratio 
right precordium 
left precordium 
ST-segment changçs 
mild 
0 to +100 
rsR' or rR' 
-
< 15 
normal 
> 1.0 
-
moderate 
+90 to 130 
rR' or RS 
-
<20 
positive or 
negative 
> 4.0 
-
severe 
+110 to 150 
or more 
qR, Rs or 
R 
± 
>20 
positive or 
negative 
? 
< 1.0 
± 
phonocardiogram mild moderate severe 
aorto-pulmonary interval (s) 
Α-wave on jugular curve 
0.04-0.06 0.05-0.10 
± 
0.06-0.14 
+/++ 
roentgenogram 
cardiac-thoracic ratio 
vascularity 
post-stenotic 
dilatation** 
right atrium enlargement 
mild 
normal 
normal 
+ 
~ 
moderate 
normal 
normal 
+ 
~ 
severe 
normal or 
enlarged 
normal to 
decreased 
± or + 
+ 
** not present in dysplastic valves 
- = not present 
+ = not always present 
+ = present 
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CHAPTER 3 
MULTIGATE PULSED DOPPLER TECHNIQUE 
One of the recent advances in cardiology and especially in paediatric cardi-
ology is the introduction of echo Doppler technique (Daniels et al. 1986a). In 
this chapter some theoretical aspects of multigate pulsed Doppler techniques 
and the use of these systems in clinical practice are described. 
The following headings are discussed: 
- principles of single gate pulsed Doppler, 
- general remarks on multigate pulsed Doppler, 
- the multigate pulsed Doppler system in clinical applications, 
- some comments on the multigate pulsed Doppler technique. 
Principles of single gate pulsed Doppler 
In single gate pulsed Doppler systems one piëzo-electric crystal is operating 
alternately as emitter and receiver. Pulses containing a few cycles of a certain 
internal frequency are emitted at a particular pulse repetition frequency, 
depending on the depth of the site of interest and on the velocity to be 
measured. The signals backscattered from the passing red blood cells at the 
depth of interest are received by the crystal during the interval between two 
emitted pulses. An electronic gate ("range gate") allows the Doppler frequency 
analysis of the backscattered signal in a special region of interest (sample 
volume or sample gate). The Doppler shift can be appreciated as velocity at a 
certain depth using the Doppler formula. The Doppler shift of the backscat-
tered sound is: 
fd = 2 f0 ν cos /с 
fd = Doppler frequency or Doppler shift 
f0 = transmitted frequency 
ν = velocity 
cos θ = cosine of angle between ultrasound beam and flow direction 
с = velocity of sound 
The assessment of a velocity profile in a vessel with single gate pulsed 
Doppler requires the measurement of velocities at different sites across the 
vessel during consecutive cardiac cycles. This limits the applicability of single 
gate pulsed Doppler systems because the velocity profile has been found to 
change during the cardiac cycle in both normal vessels (Reneman et al. 1985) 
and in stenotic lesions (van Merode 1986). Also it is difficult to keep the 
sample volume at the site of interest, especially due to heart motion and res­
piration (van Renterghem 1983). The use of two-dimensional imaging systems 
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in combination with single gate pulsed Doppler systems will only partly solve 
this problem. 
General remarks on multigate pulsed Doppler 
A great deal of the problems mentioned above is solved by a multigate pulsed 
Doppler system. This system has the ability to detect blood-flow velocities 
simultaneously and instantaneously across the whole site of interest 
(Brandestini 1978; Hoeks et al. 1981). 
With single gate pulsed Doppler only one site is selected while in multigate 
pulsed Doppler the signal is broken up in multiple adjacent sample gates 
offering velocity information at discrete depths along the ultrasound beam. 
Introduction of a delay between emission of the ultrasound pulse and analysis 
of the signal offers a variable depth setting for the sample region. The pro-
cessing of the velocity information occurs in a serial way, which means that 
the signals from the discrete depths are processed by the same circuitry one 
after another in the time interval between two pulses. Following this proce-
dure all gates are processed exactly in the same way. 
In the multigate pulsed Doppler system developed by Hoeks et al. (1981) the 
zero-crossing technique is used to determine the mean frequency of the 
Doppler spectrum. A correction algorithm can be used to detect frequencies 
near and above the Nyquist frequency (= 1/2 PRF) (Angelsen & Kristoffersen 
1983; Hoeks et al. 1984a). 
This correction mechanism is based on a comparison of the detected instanta-
neous frequency of the Doppler signal with its running average. It is corrected 
by adding or subtracting an integral number of pulse repetition frequencies in 
such a way that the corrected instantaneous frequency again falls within the 
range of pulse repetition frequency around the average frequency. 
In multigate pulsed Doppler systems appropriate evaluation of velocity pro-
files can be achieved by using a multi-channel storage display. For instance, 
in our system in four seconds 256 instantaneous velocity profiles, built up by 
64 sample volumes, are stored in a 16 Kbyte memory. For accurate measure-
ments the sample resolution must be high and the sample distances must be 
small. According to Anliker (1978) a limited number of independent sample 
gates along the cross-section of a vessel results in overestimation of the vessel 
diameter and produces a more parabolic velocity profile. With a narrow beam 
width a high lateral resolution can be obtained. Also a short duration of the 
measurement (gate length) is necessary for a small sample volume (main 
determinant of axial resolution). The effective duration of the measurement is 
set by the emission duration, bandwidth of the receiver and the gate length 
(Peronneau et al. 1974). Shortening the duration of emission, increasing the 
band width and diminishing the gate length, will reduce the sample volume 
size, but will also decrease the signal to noise ratio. The size of the sample 
volume is defined as the volume from which 90% of the backscattered 
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Doppler energy is received (Hoeks et al. 1984b). So some overlap between two 
consecutive sample volumes is present. Due to the sensitivity of the system a 
gate is activated if in at least 10% of the sample volume a detectable velocity 
is present. On account of this phenomenon the vessel diameter is systematical-
ly overestimated with about one sample width (chapter 8). See Fig. 3.1. 
The principle of multigate pulsed Doppler is schematized in Fig. 3.2. 
Fig. 3.1. Schematic drawing of the diameter estimation of a vessel with a 
multigate pulsed Doppler system. 
The cross hatched sample volume is activated for only 10% but 
contributes with its total size to the diameter estimate (D1), intro-
ducing an overestimation as compared to the measure from the dashed 
sample gates occupying nearly the total diameter of the vessel (D2). 
MPD = multigate pulsed Doppler 
s.v. = sample volume 
The multigate pulsed Doppler system in clinical applications 
In commercially available mechanical sector scanners the single gate pulsed 
Doppler system can be replaced by the multigate pulsed Doppler unit. In such 
a multigate pulsed Doppler system all 64 gates are situated on the M-line 
(motion line). A two dimensional echo image is obtained in which the direc-
tion and site of Doppler estimation can be indicated. A second modification is 
necessary to indicate the position of the 64 sample gates on that M-line. A 
modification was made in such a way that the beginning and the end of the 
sample range, as set by the multigate pulsed Doppler unit, were indicated 
with bright dots on the M-line. With two-dimensional echo a proper location 
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MULTIGATE PULSED DOPPLER 
вРйСЕ/ТІЛЕ VELOCITY DISTRIBUTION 
Fig. 3.2. The principle of multigate pulsed Doppler. In fad the multigate 
pulsed Doppler system is internally composed of a three-dimensional 
space/time velocity distribution diagram of the pulsatile flow in a 
blood vessel with a flow directed from the left to the right. This 
space/time velocity distribution pattern is composed of velocity 
patterns and velocity profiles. Each gate measures its own mean 
velocity as a function of time and place. All gates together (24 in this 
example!) create a velocity pattern in a cross-section of the vessel. 
Mean velocity measurement as a function of depth and sampled at 
discrete time intervals can compile velocity profiles. By a simple turn 
of the switch the velocity profile mode or the velocity patterns can 
also be chosen as function of time and depth. We prefer the velocity 
profile mode. 
of the region of interest is acquired. With a variable delay the depth of 
interest can also be selected. 
The multigate pulsed Doppler system used, is coupled to an ATL Mark V 
echo Doppler system and a 5 MHz scanhead is used in all measurements pro-
36 
viding a lateral resolution of about 1 mm in the focal zone (5 cm from the 
transducer). The axial resolution is also about 1 mm. 
In our experimental system with 64 sample gates a variety of adjustments, 
related to display function, was possible. 
A photo of our multigate pulsed Doppler apparatus is represented in Fig. 3.3. 
Fig. 3.3. The multigate pulsed Doppler apparatus. 
Some standard settings were maintained during the investigation and were the 
same in nearly all patients. The following tuning was used: 
- depth-dependent gain. An amplifier with a time-dependent gain is necessary 
to compensate for stronger attenuation of the signals from greater depths. 
This is accomplished by a set of 8 gain adjustments, each covering a certain 
depth. In practice a compromise was made between the gain and the signal-
to-noise ratio. With the gain setting nearly maximal distortion of the vel-
ocity profile was prevented without contamination with too much noise. 
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- wall filter. The ultrasound reflected by the moving vessel walls causes a 
high-amplitude low-frequency signal. A filter of 150 Hz was used to elim­
inate these undesirable signal components. 
- gate delay. Depending on the depth of the region of interest a certain delay 
in starting point of the sample region can be established. Guided by the 
indication of this sample region on the two-dimensional echo image, the 
region was positioned over the cross-section of the main pulmonary artery 
just downstream from the valves. 
- audio signal. One of the 64 gates can be selected for an audio representation 
of the Doppler signal in that gate. In practice one can hear if the right site 
is chosen, because the presence of a jet gives a typical, high pitched audio 
signal. 
- correction on or off. If the absolute value of the difference between average 
and detected instantaneous frequency exceeds 1/2 PRF a special algorithm, 
correcting for the error of aliasing, can be used. In practice this anti­
aliasing mechanism does not function very well in patients with pulmonary 
valve stenosis due to the poor signal-to-noise ratio (see Fig. 3.4.A & B). 
Only the outcome of the profiles with the correction off was considered in 
jet diameter estimations. 
- emission duration. The signal-to-noise ratio can be enhanced by selecting an 
emission duration of 4/3 instead of 2/3 μ8 on the cost of loss of axial reso­
lution in the individual sample gates. An emission duration of 2/3 μ5 was 
chosen in nearly all patients. 
- buffer read out. The buffer contains the profiles collected during the last 
four seconds, together with the recording of respiration and the electrocar­
diogram. During the measurements the profiles could be seen on a screen 
and used as a control of proper measurement. On the screen only 128 in­
stead of 256 profiles are displayed; two successive profiles are united and 
presented as one profile. However, 256 profiles are read out. A full buffer 
is transmitted to a Wicat computer for later processing. 
Some properties of the multigate pulsed Doppler in our clinical setting are: 
emission frequency 
pulse repetition frequency 
duration of emission 
gate time 
sample distance 
sample volume (scanhead) 
number of gates 
total distance of 64 gates 
memory storage 
time interval between profiles 
5 
7.8 
2/3 
2/3 
0.6 
about 5 
64 
38.4 
256 
16 
MHz 
kHz 
/is 
/iS 
mm 
mm
3 
mm 
profiles 
ms 
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Fig. 3.4. Examples of recordings in the same patient with anti-aliasing mech­
anism off (A) and with anti-aliasing mechanism on (B). 
A: a jet flow can be appreciated between the QRS-complex and T-
wave of the electrocardiogram. As can be seen these flow profiles are 
not disturbed artificially. 
B: the iteration of several gates at unpredictable sites can be recorded 
(artefacts). These events do not facilitate jet diameter measurement. 
dotted line = recording of respiration 
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The sample volume was calculated from a three dimensional beam plot of the 
5 MHz transducer (ATL) at the 6 dB level and is about 5 mm3 at a distance of 
5 cm. (Hoeks et al. 1984b). 
Before measurement of the velocity profiles, the precise tuning is adjusted to 
obtain a comparable situation in all patients. The setting of the depth depen-
dent gain, wall filter, delay of the gates, emission duration and the use of the 
audio signal have been described before. 
The assessment of relative changes in arterial diameter based on the detection 
of low frequency Doppler signals from the vessel walls, is another application 
of multigate pulsed Doppler (Reneman et al. 1985; 1986). In our investigation 
it was only used as an aid in positioning the multigate pulsed Doppler ultra-
sound beam and not to calculate the relative arterial wall displacement. 
Some comments on the multigate pulsed Doppler technique 
A disadvantage of pulsed Doppler systems is the limited band width. The 
maximal velocity that can be detected unambiguously at a certain depth, 
depends on the emission frequency, the pulse repetition frequency and the 
velocity to be measured (Reneman & Hoeks 1977). Too high velocities will 
give aliasing. With a pulse repetition frequency of 7.8 kHz the maximal un-
ambiguous velocity estimate is about 60 cm.s"1 at an angle of observation of 
0°. To increase the maximal Doppler frequency that can be detected, an anti-
aliasing mechanism is built in. This system permits frequency estimations 
beyond the Nyquist frequency of 1/2 PRF. The multigate pulsed Doppler 
measurements are carried out with the anti-aliasing correction on and off. 
The angle of observation is also important in avoiding aliasing. As we are 
trying to measure the diameter of a jet flow we have to measure perpendicu-
larly to the jet as close as possible. In practice it is a compromise because at 
an angle of 90° the Doppler shift vanishes. Preferably the angle is chosen 
between 70° and 85° corresponding with a theoretically measurable peak 
velocity of 1.8 m.s"1 and 7 m.s"1, respectively. 
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CHAPTER 4 
FOUR METHODS TO MEASURE THE DIAMETER OF 
A STENOTIC ORIFICE 
After a short description of the catheterisation procedure this chapter is deal-
ing with four methods to measure the pulmonary orifice diameter. The dif-
ferent techniques are described and their value is discussed. 
The following principal headings are presented: 
- catheterisation procedure, 
- calculations of orifice area and diameter at catheterisation, 
- diameter measurement of the jet on the cineangiocardiogram, 
- orifice diameter measurement at operation, 
- orifice diameter measurement with multigate pulsed Doppler, 
- reference values for a normal pulmonary valve orifice with some comments. 
Catheterisation procedure 
In this investigation all routine catheterisations were performed on patients 
under general anaesthesia, with or without intubation, and no artificial venti-
lation was used during sampling to determine cardiac output data. 
During catheterisation an electrocardiogram was recorded and recordings were 
made of the ventilation movements of the abdomen. The respiration signal 
was derived from a "stretch-string" (Medasonics, SG 24). 
All patients had an intravenous infusion for application of fluid and/or medi-
cation. Blood pressure was measured frequently with an appropriately sized 
cuff (Dynamap, Criticón) at an upper arm. 
The diagnosis pulmonary valve stenosis, with or without patent foramen ovale 
or atrial septal defect (including a left to right or right to left shunt), was 
made by pressure measurement and oxygen saturation estimation with a 
routine NIH catheter (5 or 6 French). Subsequently the NIH catheter was re-
placed by a 5 or 6 French end-hole Lehman catheter or a 5 French Mikro-
Tip catheter (Millar Instruments Inc.). On ethical grounds we chose to make 
only one puncture in a (right) femoral vein, just as in the routine procedure, 
and to introduce only one catheter at a time. When the venous catheter could 
not reach the left atrium (or the pulmonary veins if necessary) through a 
patent foramen ovale or atrial septal defect, arterial punction (femoral artery) 
was performed. The systolic pressure drop was determined from a pull-back 
curve. 
In the fluid-filled catheter system a Hewlett Packard 1280 was used as exter-
nal pressure transducer. 
Important in the whole procedure was the determination of cardiac output 
applying the Fick principle on oxygen transport. The oxygen consumption 
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was measured. At least 10 minutes before starting the measurement of oxy-
gen-uptake, the child had to breath room air without any ventilation support. 
Oxygen uptake was measured in a steady state condition during 2 to about 5 
minutes depending on the tidal volume of the investigated child. The respira-
tion tube was plugged with gauze in the oro-pharynx to avoid leakage and if 
no tube was used, an adequate mask covered the mouth while a clamp closed 
the nose of the child. 
A connection fitted between the tube or mask and the bag system with a one-
way valve did make sure that no air leakage could occur. The collection of 
expired air was started and ended at the same phase of respiration (end-
expiration). Before starting, the tube connection system was "flushed" with 
expired air of the patient before opening the way to the collecting Douglas 
bag. The expired air was collected in the Douglas bag, the volume was deter-
mined with a dry gas flow meter or in small children with a spirometer. 
Oxygen content was estimated according to the Scholander method. No cath-
eter manipulations during the oxygen uptake procedure were allowed in order 
to maintain the steady state and to avoid disturbances in the heart rythm. 
After collecting the expired air, the steady state was maintained a few more 
minutes to sample blood for representative oxygen saturation determinations 
(OSM 2 Hemoximeter, Radiometer, Copenhagen) in the pulmonary vein (or in 
the left atrium in absence of a right to left shunt on atrial level or in the fem-
oral artery) and in the pulmonary artery. Haemoglobin concentration was 
determined with the HiCN method in samples drawn from the right ventricu-
lar outflow tract and from the main pulmonary artery. With the catheter 
pressure measurement was carried out in the right ventricle (apex and outflow 
tract) and in the pulmonary artery. 
Cineangiocardiography was performed after executing these measurements 
and recording a pull-back curve across the pulmonary valve. The introduced 
catheter was replaced by an NIH catheter in a suitable size to inject Angio-
graphin 65% (meglumine-amidotrizoate) with a programmable high pressure 
injector (Angiomat 3000 injector, Liebel-Flarsheim). A dose of 1/2 - 2 
ml.kg"1 was chosen depending on the flow rate of the catheter and on the 
severity of the pulmonary valve stenosis. Because the X-ray camera had a 
fixed direction the patient had to be turned on the left side to make a lateral 
cineangiocardiography with a frame rate of 75 frames.s"1. After cineangio-
graphy was finished the multigate pulsed Doppler procedure started with the 
same anaesthesia and steady state, with the patient slightly rotated on the left 
side. 
All pressure measurements were stored on an FM-tape recorder as a security 
backup and on a Wicat computer system together with respiration curve and 
electrocardiogram. 
The catheterisation was indicated and executed by another person than the 
author of this study. 
42 
Calculations of orifice area and diameter at catheterisation 
Orifice area calculation in this investigation was based on pulmonary volume 
flow determination according to the Fick principle and the systolic pressure 
drop between right ventricle and pulmonary artery. 
Pulmonary blood volume flow can be calculated with the following formula 
according to the Fick principle: 
л
 V Ο, χ 10 
Q p = 2-
( 0 2 sat PV-0 2 sat PA) χ Hb χ 1.61 χ 1.33 
Q = pulmonary blood flow (l.min'1) 
VOj = oxygen consumption (ml.min'1) 
sat PV = saturation in pulmonary vein (volume %) 
sat PA = saturation in pulmonary artery (volume %) 
Hb = haemoglobin concentration (mmol.l'1) 
1.61 = converting factor ттоІ.Г1 to g.l'1 
1.33 = quantity of oxygen (ml) of 1 g haemoglobin 
The cross-sectional area of the catheter will effect the stenotic area when 
measuring the pressure drop across the stenotic orifice in the more severe 
stenosis. This fact was neglected as the cross-section area of the catheters 
used is between the 0.02 and 0.03 cm2. 
All pressure curves were recorded simultaneously with respiration and elec­
trocardiogram signal. The pressure curves in the pulmonary artery and in the 
right ventricular outflow tract were not recorded simultaneously. Calculation 
of the pressure drop was executed after storage of the separate curves in the 
computer. Only those pressure curves that were not distorted by ventilation 
(at inspiration) especially in the pulmonary artery, were taken into account. 
Of these curves, eighteen consecutive pressure recordings were averaged by 
using the Q's on the electrocardiogram as the starting points of each curve. A 
mean of eighteen pressure curves, on both sides of the stenotic valve, was 
calculated. Both mean curves were superimposed upon each other. The time 
between the two cross-over points of both curves is called the systolic ejec­
tion period. The systolic ejection time was derived from the systolic ejection 
period multiplied by the mean heart rate of those eighteen heart beats 
(cardiac output/systolic ejection period χ heart rate) and so pulmonary 
valvular flow could be calculated. The heart rate was based on the frequency 
of the right ventricular pressure recording. See Fig. 4.1. 
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Fig. 4.1. Eighteen right ventricular pressure curves (A) and eighteen pulmonary 
artery pressure curves (B) are superimposed upon each other with the 
Q of the electrocardiogram as the starting point. A and В are on a 
different scale. 
In С the mean curves of both pressure recordings are superimposed 
upon each other at the same scale as in A. The systolic ejection period 
(SEP) is indicated by arrows as the period of time between the two 
cross-over points of both curves. 
RVO = right ventricular outflow tract 
A PC = main pulmonary artery 
RR INT = mean R-R interval on the electrocardiogram 
PVS ·= pulmonary valve stenosis 
For the use of the three valve area formulas chosen - Gorlin & Gorlin, and 
the two Bache's formulas - three systolic gradients were calculated by com­
puter from the pressure curves. 
- Mean systolic pressure drop (Gorlin & Gorlin) was calculated by planimet­
rie integration. The Gorlin & Gorlin formula as used expresses the relation 
between cardiac output and pressure drop to calculate the valve area; 
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PVA = 
44.5 V (RVsm - PAsm) 
PVA = pulmonary valve area (cm2) 
PVF = pulmonary valve flow (ml.min'1) 
RVsm = right ventricular systolic mean pressure (mmHg) 
PAsm * pulmonary artery systolic mean pressure (mmHg) 
44.5 - empirical constant 
Maximum instantaneous systolic pressure drop (Bache Max SG formula) was 
determined by taking the instantaneous maximum difference between the 
two curves as is expressed in the following formula: 
PVF PVA = _ ! _ 
36.4 V Max SG 
PVA = pulmonary valve area (cm2) 
PVF = pulmonary valve flow (ml.min'1) 
MaxSG = maximum instantaneous systolic drop (mmHg) 
36.4 = empirical constant 
Peak-to-peak systolic pressure drop (Bache PPSG formula) was calculated 
by subtraction of the maximum levels of the right ventricular and the pul-
monary artery curve according to the following formula: 
PVF PVA = 
37.8 v/(PPSG+ 10) 
PVA = pulmonary valve area (cm2) 
PVF = pulmonary valve flow (ml.min'1) 
PPSG = peak-to-peak systolic drop (mmHg) 
37.8 = empirical constant 
10 = empirical constant 
The orifice area was supposed to be circular to calculate the diameter. 
Pitfalls in calculating the valve area are not discussed in this thesis, but are 
mentioned in literature (Bayer et al. 1952; Richter 1963; Bache et al. 1971; 
Cannon et al. 1985; Richards et al. 1986; Carabello 1987; Gorlin 1987). 
In this experiment it was preferred to take the mean of several pressure 
curves to determine the systolic pressure difference and to calculate the sys-
tolic ejection period. 
A problem to deal with was the difference between the two curves taken at 
different moments in a pull-back recording. The starting point was the begin-
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ning of the QRS complex irrespective of the R-R interval on the electro-
cardiogram. By taking the mean right ventricular and pulmonary artery curves 
the difference in R-R interval would possibly influence the systolic ejection 
period and the area between the two curves. The extent of the error in this 
situation was not investigated, but the R-R interval of both curves differed 
only a few milliseconds from each other. Besides, change of heart frequency 
is more important to the diastole than to the systole, so a small change of R-R 
interval would hardly influence the systolic pressure curve (Becker & van der 
Werf 1978). Nevertheless this automated method of measuring the valve area 
is thought to be valuable, although evaluation and comparison with other 
methods remains necessary. 
Diameter measurement of the jet on the cineangiocardiogram 
During catheterisation cineangiocardiography was performed with the cath-
eter in the right ventricle, preferably in the right ventricular outflow tract. 
Cineangiocardiography was performed in the lateral position with a frame 
speed of 75 frames.s"1, except for one patient when a frame speed of 50 
frames.s"1 was used. 
After catheterisation the cineangiocardiogram was projected and the jet, seen 
as a region of intensified contrast in the pulmonary artery, was magnified on 
a screen of a Tagarno cineangiography projector. The best visable and fully 
developed diameter of the jet was measured during systole on the angio-
cardiogram just downstream from the stenotic valve. In the course of time 
after injection of the contrast the distinction between the jet and the parajet 
region became less clear. So in most of the patients the jet was only visable 
during one or two heart beats, before the pulmonary artery was filled with 
contrast. 
If the jet was identified on the angiocardiogram the frame was frozen and the 
diameter of the jet was measured. This is called "jet flow". The width of the 
jet was assessed using a calliper. With a ruler the diameter of the jet was de-
termined with an estimated accuracy of about 0.2 mm using interpolation. 
The magnifying factor was calculated by measuring the diameter of the cath-
eter as far as the contours could be detected in the right ventricular outflow 
tract. Because the real diameter was known, the magnification could be calcu-
lated, as well as the real jet diameter. 
When a clear jet could not be identified or if no jet was visable, the orifice 
diameter of the stenotic valves was measured between the most distal parts of 
those valves. This is called "ostium flow". 
Three independent measurements were performed on the angiocardiogram of 
the same patient, while no information was present about the jet diameter 
measured before. The three widths were estimated on three different days in 
arbitrary order. The mean of the three diameters was determined and used as 
the diameter in further analyses. 
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During the cardiac cycle the catheter was moving and sometimes gave a 
somewhat hazy aspect, especially at its distal end. Therefore, no measure-
ments were made at that site. An error in the measurements would also be 
introduced when a part of the catheter was not clearly visible, especially so if 
the site of measurement was more proximal. 
According to theory measurements of the diameter of the catheter should be 
made as close to the pulmonary valve as possible and preferably with the 
catheter situated just through the stenotic valve. However, this approach was 
not used because more cine-frames (with X-rays !) would have to be made 
and the patient would have to be turned on his/her left or right side. As 
measurements were only made in a lateral projection, the catheter measure 
point remained in the same plane as if it was situated in the pulmonary 
artery; so no enlargement error was introduced. 
It can be concluded that differences found in successive measurements are 
partially due to such factors as the observer's appreciation of the jet or the 
orifice and of the contrast density. 
Orifice diameter measurement at operation 
Measurements were performed during operation while a cardio-pulmonary 
bypass was in function. After incision of the pulmonary trunk the stenotic 
valves were inspected and their aspect appreciated. The most suitable Hégar 
probe that fitted exactly without stretching the stenosed valves, was consid-
ered to represent the orifice diameter. The probes used differed one milli-
meter in diameter. After probing the orifice valvotomy or valvectomy was 
performed. 
Soon after the introduction of the Gorlin & Gorlin formula (1951) to calculate 
the orifice area of stenosed valves, some publications on comparative orifice 
measurements at operation and at necropsy were published by different 
authors using different methods of measurement. Gorlin & Gorlin (1951) and 
Bayer et al. (1952) used the intracardiac digital palpation technique at the 
time of operation. The same method was used by other authors at necropsy. In 
a case of mitral valve stenosis Richter (1963) used nine different methods to 
measure the orifice area. All methods were based on probing with a finger 
and with pre-calibrated probes. 
A real discrepancy between orifice calculation and orifice diameter measure-
ment at operation is caused by the shape of the stenosed orifice. Calculation 
of the area of a stenotic valve is done on the assumption that the orifice is 
circular but this does not always apply to stenosed orifices. It is also supposed 
that a calculated area only presents information on the functional area 
through which blood is ejected. This functional area does not always represent 
the maximal opening of the orifice (Daniels et al. 1986b; Gorlin 1987; 
Carabello 1987). At operation, however, diameter measurements can only be 
performed if the area is artificially transformed into a circle. During oper-
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ation the largest area that can be gauged without stretching the valve struc-
tures is measured (= anatomical area). It is suspected that the more severe the 
stenosis, the greater the conformity between the anatomical and functional 
area will be (Gorlin 1987; see chapter 6, 7 and 10). In more severe pulmonary 
valve stenosis the orifice is more or less circular so area calculation is easy 
and so is calculation of the diameter of this area (Anderson et al. 1988). 
Orifice diameter measurement with multigate pulsed Doppler 
Measurement in general 
All multigate pulsed Doppler measurements were made with the child in a left 
sided supine position. To visualise the pulmonary artery in a more or less long 
axis view, the transducer was placed in the first or second left intercostal 
space. The orifice flow velocity profiles were recorded with the M-line (and 
sample volumes) just downstream from the stenotic pulmonary valve. The 
angle of the M-line with the axis of the pulmonary artery was assessed at the 
two-dimensional sector scan hardcopy of the ATL Mark V echo Doppler 
system at the beginning of each series. In fifteen children, presented in 
chapter 10, these angles were also used. 
In total three series with three measurements each were recorded and stored 
on the Wicat computer. In each series a new long axis view was chosen and a 
total of eighteen full buffers ( 3 x 3 and with correction on and off) were 
collected and stored. 
If a footswitch was released the data in the buffer (and visable as 128 profiles 
on the screen) were held. With the buffer read-out switch the buffered data 
were transmitted to the Wicat computer system. The collected profiles could 
not be appreciated at the time of recording but when a jet phenomenon was 
seen the footswitch was released. Due to unwanted movements of the patient 
or of the investigator the exact site of measurement through the jet was liable 
to change. So not all profiles were suitable to use in calculations of the ostium 
flow diameter. 
In case of pulmonary valve stenosis a disturbed region with high velocities 
was seen in the profile. The diameter of this region was related to the number 
of activated sample volumes. 
In Fig. 4.2 (in vitro situation) the velocity is depicted in the acceleration 
phase (velocity is built up) by vectors indicating direction and magnitude (A). 
The jet is emerging from the stenotic orifice and at the boundary layer 
vortex-like motions exist due to viscous friction. In those separation zones 
recycling of flow will occur. The flow phenomenon caused by the vena con-
tracta (the place were the effective cross-sectional area is minimal) is not 
depicted in this figure. The measured vectors of velocity are indicated on the 
ultrasound beam (B), while as a result of multigate pulsed Doppler measure-
ment a profile is composed (C). The direction of flow velocity towards or 
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away from the transducer determines the direction of the velocity profile and 
is indicated with + or - at the dashed zero-line. The magnitude of the vector 
is represented by the amplitude of the profile. The real shape of the profile 
depends on such factors as the quality of the upstream flow (laminar or 
turbulent), the geometry and type of stenosis, and the pulsatile flow charac­
teristics. The diameter of the positive profile in Fig. 4.2, С more or less shows 
a parabola and represents the diameter of the jet flow. 
acceleration phase 
Fig. 4.2. Flow acceleration just downstream from a tube stenosis with pulsatile 
flow. The ultrasound beam is indicated by MPD. The vectors are 
designed and indicate both direction and magnitude of velocity (A 
and B). 
Derived from these vectors a profile is composed (C). The + and -
indicate the direction of the velocity towards and away from the 
transducer. 
The reason for choosing the acceleration phase instead of the deceleration 
phase to determine ostium flow diameter is clarified in Fig. 4.3 (in vitro 
situation). When flow velocity diminished during deceleration of a pulsatile 
flow more dispersion and recirculation of flow occurred just downstream 
from the stenotic orifice and no real jet flow could be discovered (Fig. 4.3, 
A). Velocity vectors were measured using the separate sample volumes (Fig. 
4.3, B) and a velocity profile was composed depending on the direction and 
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magnitude of the flow velocity. The diameter of the flow velocity field was 
not directly visible (Fig. 4.3, C). 
deceleration phase 
Fig. 4.3. Flow deceleration just downstream from a tube stenosis with pulsatile 
flow. The ultrasound beam is indicated by MPD. The direction and 
magnitude of the vectors indicate the flow velocity (A and B). 
Derived from these vectors a profile is composed (C). The + and -
indicate the direction of the velocity towards and away from the 
transducer. 
The same flow patterns were seen in a patient with pulmonary valve stenosis 
just downstream from the stenotic valve. 
As opposed to flow measurements in the tube situation, in vivo all kinds of 
disturbances altered the velocity profiles. However, in pulmonary valve sten-
osis the same principles applied as in the tube with pulsatile flow. 
Measurement in detail 
The multigate pulsed Doppler profiles recorded during catheterisation were 
stored on the Wicat computer system for off-line analysis. 
One full screen of the multigate pulsed Doppler showed four seconds of 
recording containing five to eight heart beats with the corresponding profiles. 
At the moment of measurement no profile diameter could be calculated. Only 
a rough indication could be given by appreciating the profile on the screen. 
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As the region of interest consisted of a systolic phenomenon it was not neces­
sary to print all 256 velocity profiles. In each case the jet flow velocity pro­
files were recorded within the seventeen profiles after the QRS-complex (17 χ 
16 ms = 272 ms). As expected the first three to four measurements after the 
QRS-complex, i.e. in the early systole, hardly provide a velocity profile. 
In visualising the profiles it was important to record every heart beat sepa­
rately; the distance between two successive profiles became larger and so did 
the magnitude of the amplitude. In this way it was easier to determine the 
diameter of the profile disturbance than it would have been using a com­
pressed survey with all heart beats. 
Disturbances caused by improper sample-line setting, for instance an M-line 
through the right ventricular outflow tract or through the pulmonary valves 
could produce an amplitude on the screen. Due to movements of the heart or 
to ventilation of the patient proper setting during the whole systole was some­
times impossible (van Renterghem 1983). These irregularities had to be distin­
guished and ignored in appreciating the real jet flow velocity profiles. 
Before starting to describe the estimation of the diameter of the jet-flow 
velocity profile some general remarks will be made. In order to obtain reliable 
data the following conditions should be observed: 
- In appreciating a profile it is important to know whether we are dealing 
with a high or low velocity phenomenon. Not only the time elapsing 
between two profiles (16 ms), but also the magnitude of the velocity is 
indicated. 
- The diameter of the disturbance as caused by the jet, will always be smaller 
than the cross-section of the pulmonary artery. 
- The jet is a repetitive phenomenon. It has to be perceived in more record­
ings during different heart beats of the same patient. Consequently the 
largest repetitive jet flow pattern that predominantly occurs, has to be chos­
en in early systole. In one systole two or three approximately equal profiles 
have to be recorded. To appreciate the ostium or jet flow profile it is im­
portant that the recordings of one patient are assembled together to have an 
overview. 
- As can be seen in vitro, the profile of the jet flow is parabola-like when it 
starts, but may transform into an S-shaped curve or even a double parabola 
at the end of systole. The reason may be aliasing (too high a velocity for 
the sample gate) or the jet flow breaking up into turbulence. The diameter 
of the jet should preferably be appreciated on the basis of the parabolically 
shaped profile. 
- After the diameter in two or three succesive profiles had initially repeated 
itself, a "spreading" or "contraction" of the flow profiles can be seen. The 
"spreading" is caused by breaking up of the jet into turbulence while the 
"contraction" is observed if the jet is passing tangentially and not centrally 
anymore. 
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- The direction of the amplitude of the profile is dependent on the appreci­
ated direction of velocity which in turn depends on the angle between 
ultrasound beam and flow direction. With a change of angle for instance 
from 85° to 95° the direction of the amplitude is reversed while at 90° no 
Doppler signal is recorded. 
- Not in all recordings a jet phenomenon can be discovered mostly due to 
improper adjustment of the sample volumes to the jet. 
It is concluded that in the appreciation of a jet phenomenon as a disturbance 
of a velocity profile, the "eye ball or at glance" effect is important. In order to 
be useful for calculations the same phenomenon has to return in more than 
one recording of the same patient. 
The jet diameter on the multigate pulsed Doppler profile is defined as the 
distance between the first acute deflection of the velocity profile and the site 
where the parabolic deflection returns to the base-line. 
Some designed examples of the profiles predominantly occurring are given in 
Fig. 4.4.1 - 4.4.4. 
Comment on measurements 
The jet in pulmonary valve stenosis is a three-dimensional phenomenon. It 
can be appreciated with multigate pulsed Doppler only in a two-dimensional 
way. The lateral cineangiocardiography will show the same cross-section of 
the jet diameter as is shown with multigate pulsed Doppler. Because of the 
interposition of the lungs another cross-section with multigate pulsed 
Doppler, perpendicular to this one, is not possible. 
In practice the diameter of the jet can be appreciated and expressed as the 
number of activated gates (1 gate = 0.6 mm). The angle (a) between ultra­
sound beam and flow direction in the main pulmonary artery can be estimated 
on the print of the ATL Mark V echo Doppler system. In each series the 
recordings were made in early systole. 
The diameter d shown in the examples of profiles in Fig. 4.4 is influenced by 
different phenomena. The acute deflection at A and В in Fig. 4.4.1 is caused 
by incompetence of the zero-crossing pulsed Doppler system to follow the 
high velocity and consequently the direction of the velocity is suddenly 
reversed (aliasing). This kind of recording with aliasing is avoided by 
choosing an angle more close to 90° between ultrasound beam and jet flow 
direction. 
Reversed flow can be caused by "detached" eddies in the separation zone (Fig. 
4.4.2). 
In Fig. 4.4.3 is shown how the velocity is falling more gradually to the zero-
line by turbulence, by local viscous forces (eddies) or by movements of the 
wall of the pulmonary artery. These phenomena in combination with the 
properties of the multigate pulsed Doppler system may cause the lack of a 
sharp edge at point B. The longer the distance between the transducer and the 
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site of measurement the more the backscattered signal is reduced (poor signal-
to-noise ratio). The diameter should be appreciated between A and B, as the 
latter point is the projection of the descending part of the profile on the zero-
line. 
Fig. 4.4. Examples of profiles. 
l.This kind of recording with aliasing is seen in the very fast jet flow emerg­
ing from the stenosed valve. The distance between A and В represents the jet 
diameter (d). 
2. A developed parabola-1 ike profile with some reversed flow at A and B. The 
distance between A and В represents the orifice diameter (d). 
3.At point В the velocity is falling more gradually to the zero-line. At point B' 
the velocity profile seems to be returned to the zero-line but jet diameter (d) 
has to be appreciated between the points A and B. 
4.A fully developed parabola-like profile with hardly any viscous losses in the 
separation zone. The diameter d of this profile is indicated between the two 
points A and B. 
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The estimated diameter d multiplied by the sinus of the estimated angle 
(d χ sin a) will provide the calculated jet flow diameter. The mean of all 
measurements in each patient is used for comparison with other jet diameter 
calculations. 
The exact angle between the ultrasound beam and the flow direction is also 
difficult to determine, because the precise direction of the jet is unpredict­
able. 
Due to the high velocity flow of the jet the angle of measurement has to be 
between 70° and 85°. A correction in this range will alter the outcome with a 
fraction namely between 0.940 (for sin 70°) and 0.996 (for sin 85°). 
Reference values for a normal pulmonary valve orifice 
with some comments 
Reference values are necessary to discriminate from abnormal measurements 
at the time of investigation and to calculate the percentage of stenosis 
(compared to "normal"). They are also used to restore the pulmonary valve 
ring to an "ideal" diameter at the time of operation. 
In literature several measurement methods are described. 
Already in 1932 Roessle and Roulet measured the external circumference of 
the pulmonary artery at necropsy. 
Schulz and Giordano (1962) collected valuable data from their investigation of 
1847 specimens at necropsy in fresh unpreserved hearts without cardiac 
defects or other related problems that could have influenced cardiac measure­
ments. They measured the internal circumference of the valve ring of the 
tricuspid valve, the mitral valve, the aortic valve, and the pulmonary valve in 
fetus, infants, and children up to the age of fifteen years. 
De la Cruz et al. (1960) and Meurs-van Woezik et al. (1977) also performed 
measurements in fresh hearts without fixation but they used a much smaller 
number of specimens than Schulz and Giordano. 
The data of Mercer (1975) are also baáed on necropsy examinations. They are 
in the same range as the data found by Schulz and Giordano but the extent of 
Mercer's investigation is limited. 
Eckner et al. (1969) measured hearts after fixation. As shrinking of the ma-
terial by conservation influences the data obtained, in our study pathological 
anatomical data from measurements in the fresh heart are preferred. Also 
measurements with echo techniques (Epstein et al. 1975; Rogé et al. 1978; 
Sievers et al. 1983; Snider et al. 1984; Stopfkuchen et al. 1984) or with 
computed tomography (O'Callaghan et al. 1982) are different from those ana-
tomical data. In our opinion measurements at operation compare better with 
measurements at necropsy than with measurements obtained by these other 
more indirect methods. 
Schulz and Giordano stated that the internal circumference of the bloodvessels 
should be related to body height and not to body weight. They obtained their 
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material from children in the hospital and it is well known that body weight 
of infants and children from a hospital population shows a wide variation, 
whereas body height is a more consistent parameter. From the internal 
circumference data of Schulz and Giordano the internal diameter of the pul-
monary valve orifice is calculated. 
The results of the diameter calculations are listed in table 4.1. The data of 
Schulz and Giordano represent the mean values for each age category. The 
different groups do not consist of the same number of children and slight 
variations are seen. 
The listed diameters related to body height are only indications for the 
measure of a "normal" orifice diameter. Campbell (1960) and May et al. (1963) 
like Mercer (1975) indicated that in case of pulmonary valve stenosis an ori-
fice area reduction of 50% of the normal value will only give rise to a small 
pressure elevation in the right ventricle, indeed depending on pulmonary flow 
level. 
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Table 4.1. Body height and diameter of pulmonary valve orifice in 
normal children derived from Schulz and Giordano (1962) 
age 
months 
0 - 1 
1 - 2 
2 - 3 
3 - 4 
4 - 5 
5 - 6 
6 - 7 
7 - 8 
8 - 9 
9 - 1 0 
1 0 - 1 1 
11 - 12 
12 - 13 
mean 
(cm) 
male 
49.3 
51.4 
54.0 
57.7 
60.4 
62.0 
64.2 
66.7 
68.2 
69.4 
69.7 
70.5 
73.8 
body height 
female 
49.7 
51.9 
54.0 
57.0 
59.0 
62.2 
63.0 
65.4 
66.5 
68.3 
67.5 
70.5 
71.5 
diameter pulmonary 
valve 
male 
7.0 
7.3 
7.9 
8.6 
8.6 
9.2 
9.9 
9.9 
10.2 
10.2 
9.9 
10.5 
11.1 
at the ring (mm) 
female 
7.0 
7.3 
7.9 
8.3 
8.9 
8.9 
9.2 
8.9 
9.2 
9.5 
9.9 
10.2 
10.2 
years 
ι - η 
li- 2 
2 - 3 
3 - 4 
4 - 5 
5 - 6 
6 - 7 
7 - 8 
8 - 9 
9 - 10 
10 - 11 
11 - 12 
12 - 13 
13 - 14 
14 - 15 
78 
84 
90 
101 
109 
114 
121 
127 
132 
138 
144 
149 
155 
159 
163 
77 
84 
91 
100 
108 
115 
119 
126 
129 
139 
145 
150 
152 
155 
159 
11.1 
11.8 
12.7 
14.3 
14.3 
14.0 
15.0 
15.3 
15.6 
16.6 
16.6 
17.5 
19.7 
19.7 
20.1 
11.5 
11.5 
12.7 
14.0 
13.7 
14.6 
14.6 
15.0 
15.3 
16.9 
16.6 
18.1 
19.4 
20.1 
20.1 
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CHAPTER 5 
NON-INVASIVE ASSESSMENT OF PULMONARY VALVE STENOSIS 
WITH A MULTIGATE PULSED DOPPLER SYSTEM 
S. de Knecht, О. Daniels, R.S. Reneman 
Br Heart J 50 (1983) 592-593 
Summary 
The width of the jet flow in the pulmonary artery was measured using a mul-
tigate pulsed Doppler system in a baby with severe pulmonary valve stenosis. 
The degree of stenosis estimated before operation agreed with the result 
obtained during surgery. 
In paediatric cardiology there is a growing interest in non-invasive methods 
to detect cardiac disorders. The introduction of echocardiography, especially 
echo Doppler techniques, has added a new dimension by determining flow 
velocity in the heart cavities and blood vessels. 
We have estimated the degree of pulmonary valve stenosis in a baby from the 
width of the jet stream in the pulmonary artery recorded using a multigate 
pulsed Doppler system. The result obtained before operation was compared 
with that estimated during surgery. 
Case report 
A baby boy was first seen in the paediatric department of a general hospital 
at the age of 1 week with a grade 3 (out of 6) pansystolic murmur in the third 
left intercostal space. At that time no specific clinical signs were present 
except for a slight tachypnoea noticed by the parents. Some weeks later he 
was referred to our clinic and echocardiography (M-mode and sector scanner 
with echo Doppler; ATL Mark V) showed severe pulmonary valve stenosis 
without a ventricular septal defect. One month later, at the age of 2 months, 
the diagnosis was confirmed by cardiac catheterisation. The following results 
were obtained: pressure in the right ventricle was 80/0 mmHg and in the left 
ventricle 50/7 mmHg. The foramen ovale was patent with a right to left shunt 
at this level. Angiography excluded a ventricular septal defect, and the right 
ventricular angiogram showed dome shaped pulmonary valves with a jet 
(Fig. 5.1). 
Before operation, at the age of 2 1/2 months, we estimated the pulmonary 
artery orifice by measuring the width of the jet flow in the pulmonary artery 
with a multigate pulsed Doppler system. We used a system with a 5 MHz 
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probe developed by Hoeks and others (Hoeks et al. 1981; Hoeks 1982; Hoeks 
1983). The echo window was in the high left parasternal region, in the first or 
second intercostal space. The best location was detected by sector scanning 
(Fig. 5.2). 
Fig. 5.1. Right ventricular angiocardiogram in a lateral view. The catheter is 
in the right ventricle (RV), while the jet produced by the stenotic 
pulmonary valve is seen in the pulmonary artery (PA). 
The whole measuring distance of the 64 gates is 38.4 mm (1 gate = 0.6 mm), 
and the width of the jet flow can be deduced from the number of sample 
segments with an abnormally high velocity pattern. The width of the jet 
stream was between 3.8 and 4.1 mm, although this is an overestimate because 
the sound beam crosses the artery obliquely to obtain a Doppler signal. 
Two days later a valvotomy was performed. Before valvotomy, however, a 
surgical probe was passed through the ostium: a probe of 3 mm in diameter 
could pass the ostium, while a 4 mm diameter probe could not. 
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Fig. 5.2. Velocity profile at discrete intervals during one cardiac cycle. The 
whole depth is 38.4 mm = 64 gates. The width of the jet can be cal-
culated from the number of sample segments (gates) with an abnor-
mally high velocity pattern. 
Discussion 
These findings indicate that the degree of pulmonary valve stenosis can be 
estimated from the width of the jet flow in the pulmonary artery. This is in 
agreement with the findings of Kececioglu-Draelos et al. (1981) that in severe 
stenosis the diameter of the jet flow distal to the stenosis is similar to that of 
the obstructive orifice. The possibility of measuring the jet flow diameter has 
already been investigated by Johnson et al. (1973), but they used a single gate 
pulsed Doppler system in which the region sampled could be altered with a 
range knob. With a multigate pulsed Doppler system it is easier to explore the 
pulmonary artery and to find the jet flow. Recently we connected the multi-
gate pulsed Doppler system to the ATL Mark V sector scanner so that the site 
of velocity sampling could be localised accurately. 
We thank Dr Ir A.P.G. Hoeks and Drs J.C.W. Hopman for their technical 
advice and assistance. 
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CHAPTER 6 
THE RELATION BETWEEN JET DIAMETER ON THE ANGIO-
CARDIOGRAM AND ANATOMICAL ORIFICE DIAMETER 
IN PULMONARY VALVE STENOSIS 
Abstract 
In forty children with pulmonary valve stenosis the jet diameter on the angio-
cardiogram (functional opening) was measured and compared to the orifice 
diameter (anatomical opening) measured at operation. 
Our results indicate that the difference between angiographic jet diameter 
and probed orifice diameter was small in cases of severe pulmonary valve 
stenosis. The same held true for valve area index and reduced valve area. If a 
small jet diameter was found, the stenosis was mostly severe: right ventricu-
lar/left ventricular systolic pressure > 1. 
It is concluded that jet diameter measurement can be used to predict the 
ostium diameter in severe pulmonary valve stenosis. 
Introduction 
In angiographic studies of pulmonary valve stenosis often an opacified jet can 
be visualised in the pulmonary artery. The existence of a good agreement 
between the width of the jet and the diameter of the orifice of the stenotic 
valve is suggested in literature (Baron 1971; Derra & Ferbers 1976; 
Castaneda-Zuniga et al. 1978). In a clinical setting, however, this assumption 
is not always accepted as a method to determine the severity of a pulmonary 
valve stenosis. 
Measuring the jet diameter non-invasively with multigate pulsed Doppler in 
an in vitro situation, the width of the jet depended on the diameter of the 
stenosis (de Knecht et al. 1988). Using the same multigate pulsed Doppler 
method it was possible to determine the orifice diameter in children with 
pulmonary or aortic valve stenosis (de Knecht et al. 1989). 
Rudhe et al. (1962) calculated orifice areas by measurement of the jet and/or 
orifice diameters of the stenotic valves in pulmonary valve stenosis. The out-
come was compared with the area calculation according to the Gorlin & 
Gorlin formula (Gorlin & Gorlin 1951). An overlap of areas estimated angio-
graphically between mild and moderate pulmonary valve stenosis - expressed 
as a reduction of the valve area - was found, while the angiographic orifice 
area was generally smaller than the area calculated with the hydrodynamic 
formula of Gorlin & Gorlin. 
Berman et al. (1978) measured orifice diameters of the stenotic valves. They 
found a good correlation between the orifice areas calculated using the Gorlin 
& Gorlin or the Bache formulas (Bache et al. 1972), and the valve opening 
61 
areas derived from the measured diameter on the lateral angiocardiogram. 
Puyau et al. (1968) compared them with direct measurement of the orifice at 
time of operation. According to the findings of Daniels et al. (1986b) the 
diameter of the jet not always equaled the orifice diameter measured directly. 
Gorlin (1987) indicated also a discrepancy between the functional area of the 
valve (calculated with the hydraulic equations) and the anatomical area 
(determined at operation or with ultrasound imaging). 
The aim of this article is to determine in pulmonary valve stenosis the degree 
of conformity between the jet diameter on the angiocardiogram and the 
diameter measurement of the orifice at operation. Nowadays the preferred 
treatment for isolated pulmonary valve stenosis is changing from operation to 
balloon dilatation (Anderson et al. 1987). In the same way measuring the jet 
flow diameter in severe pulmonary valve stenosis could indicate supposed 
effectiveness of balloon dilatation. 
Patients and methods 
Patients 
Only patients with congenital pulmonary valve stenosis and an intact ven-
tricular septum could be admitted to the investigation. They had to show a 
visible jet on the lateral angiocardiogram and the surgeon had to be able to 
measure the orifice diameter at operation. Patients with cardiac defects other 
than pulmonary valve stenosis, with patent foramen ovale (with or without 
left-to-right or right-to-left shunt) or mild tricuspid regurgitation, were 
excluded from this investigation. In total forty children were investigated. 
Based on the method of angiography two groups were distinguished. In the 
first group angiograms that were made before the year 1983 using a serial 
changer (AOT) were investigated. Out of forty-six children operated during a 
period of about nine years, thirty-one angiograms could be used. The ages of 
these patients ranged from two days till sixteen years old. The other fifteen 
patients were excluded. The reason for this exclusion was that in five children 
no visible jet on the lateral projection was found, while in the other ten 
patients the surgeon did not measure the orifice diameter. Seven of the ex-
cluded children had a severe pulmonary valve stenosis. Dysplastic valves were 
seen at operation in three children, while only one of them with dysplastic 
valves was not considered as a severe pulmonary valve stenosis. 
The other group, investigated after 1983, originally consisted of ten children 
in which jet measurement had been performed before operation. From these 
patients a cineangiocardiogram was available. The ages of these patients 
ranged between twenty-seven days and twelve years. One child was excluded 
because no jet was visible on the cineangiocardiogram; the pulmonary valve 
stenosis was not severe. Nine patients remained for investigation. 
62 
Time delay between catheterisation and operation showed a wide range, since 
not only the catheterisation data, but also physical complaints were incor-
porated in the indications for operation. In thirty-one patients the delay 
ranged between 0 and 421 days, whereas in the other nine a delay of 16 to 
694 days was seen. Thirty-two patients were operated within six months after 
catheterisation. From the remaining eight patients five were operated within 
one year. 
Heart catheterisation 
All heart catheterisations were performed in a steady state situation. Nearly 
all children acquired general anaesthesia except for a few older children. 
Pressure measurement in the right ventricle was carried out with a fluid-filled 
catheter and when possible the systolic pressure drop across the stenotic valve 
was recorded. 
To indicate the severity of the pulmonary valve stenosis the ratio of right 
ventricular peak systolic pressure and left ventricular systolic pressure 
(RV/LV ratio) was calculated (Anderson & Nouri-Moghaddam 1969; 
Emmanouilides & Baylen 1983). Severe pulmonary valve stenosis was defined 
as RV/LV ratio > 1.00 and a ratio between 0.5 and 1.00 as a moderate pul-
monary valve stenosis. The peak aortic or peak brachial artery pressure 
(Doppler method) was used to replace the left ventricular systolic pressure if 
the left ventricle was not reached at the time of investigation. 
Circumstances and techniques at time of catheterisation in those measured 
with serial angio were comparable to those by cineangiography. 
Angiocardiography 
Angiocardiography was performed with the catheter in the right ventricle, by 
preference with the tip of the catheter in the direction of the right ventricular 
outflow tract. Meglumine-amidotrizoate (Angiografin 65%) was injected as 
contrast medium in a dose of 0.5-2.0 mg.kg"1 bodyweight with a flowrate 
depending on the size of the catheter and the severity of the stenosis. 
In thirty-one children an Elema serial changer at a rate of 6 frames.s"1 was 
used while lateral series were filmed, and in nine children lateral cineangio-
graphy was carried out with a frame rate of 75 frames.s"1. 
On every picture with a measurable, fully developed jet the width of the 
opacified jet flow, just downstream from the stenotic valve, was measured 
and corrected for magnification. The enlargement factor was calculated using 
the diameter measured on the angiogram and the real catheter diameter. 
On the cineangiocardiogram the jet diameter was measured three times. The 
mean of the three estimates was calculated and used for further calculations. 
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Operation 
The decision to operate was not only based on findings of catheterisation, but 
did also depend on physical complaints of the patient. At the time when the 
patients from this study were treated, only operation was executed because 
balloon dilatation was not yet common practice. 
During cardio-pulmonary bypass the surgeon measured the orifice diameter 
with a Hégar probe after the main pulmonary artery had been opened. The 
size of the probe that just fitted the valves without stretching them, was 
regarded as the size of the orifice. 
In those cases where a Brock's technique was performed, the last probe that 
could pass without force was considered to be the orifice diameter. 
It was recorded whether the valves were tricuspid (n=29) or bicuspid (n=6), 
while in five children no information on the valves was obtained. 
Calculations and statistics 
For calculations all forty patients (31 and 9) were put together. This was 
possible because differences in age range, in range of delay between the 
moments of catheterisation and operation, and differences in the method of 
measuring the jet diameter and of measurement at operation were considered 
to be irrelevant to this study. 
The evaluation of the conformity of jet diameter measurement on the angio-
gram and measurement at operation was carried out in the following ways: 
- calculation of direct comparison of orifice diameter obtained by both 
methods; 
- comparison of orifice area index derived from diameter measurement in 
both methods. From the orifice diameter, assuming a circular orifice, the 
valve area can be calculated. The valve area divided by the body area 
(according to the calculation of Dubois & Dubois 1916) will give the orifice 
area index; 
- the comparison of percentual reduction of orifice area. The reduction of 
orifice area was calculated as the difference between the reference diameter 
and obtained diameter divided by the reference diameter (x 100 %). The 
reference diameter was derived from the data of Schulz & Giordano (1962). 
Comparisons mentioned above were made using the technique suggested by 
Bland & Altman (1986). With this technique a scatter diagram was composed 
from the difference between the paired measurement of angiography and 
operation (on the vertical axis) and the average of these measurements (on the 
horizontal axis). 
With different symbols the severity of the stenosis determined according to 
RV/LV ratio was indicated. Three horizontal reference lines were drawn. One 
at the level of the average difference for the severe pulmonary valve stenosis 
group, one above and one beneath this average, both at two times the 
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standard deviation. As a measure for the agreement of both methods (angio-
graphy and operation) the coefficient of repeatability (i.e. 4 SD) was 
calculated. The distance between the outer reference lines can be interpreted 
as the 95% confidence interval. 
Results 
In twenty-one patients a severe pulmonary valve stenosis (RV/LV > 1) was 
diagnosed; nineteen patients had a moderate pulmonary valve stenosis. As 
indicated before the reference values were based on data of severe pulmonary 
valve stenosis. 
In Fig. 6.1 a comparison is made between jet diameter and the diameter esti-
mated at operation. The coefficient of repeatability is 4.8 mm and the mean 
difference is -0.02 mm. In Fig. 6.2 the calculated orifice area index is com-
pared for both methods. The mean difference is -0.06 mm2.m"2 and the coef-
ficient of repeatability is 64 mm2.m"2. 
In Fig. 6.3 the percentual orifice area reduction is compared. The mean dif-
ference is 0.04 % and the coefficient of repeatability is 29.6 %. 
In these figures a large orifice or a small reduction of the orifice area tended 
to be characteristic for a moderate stenosis, while a small orifice or a large 
area reduction nearly always marked a severe stenosis. 
There was a good agreement between the different methods in patients with 
severe pulmonary valve stenosis. However, in those with moderate pulmonary 
valve stenosis there proved to be a systematic underestimation of the valve 
orifice size measured on the angiogram compared to the orifice size measured 
at operation. No relation was found between time delay (surgical minus 
angiocardiography date) and the difference in measurements as shown in the 
Fig. 6.1 - 6.3. 
Discussion 
With a serial changer as well as with cineangiography undoubtedly the same 
phenomenon is measured. The only difference between these methods is the 
frame rate. For our purpose, the measurement of a jet diameter, both methods 
can be used, for even at a frame rate of 6 s"1 always one frame with a fully 
developed jet will be available. 
Regarding the delay for some patients between angiography and operation, a 
reduction of the orifice size during that interval could be possible. A smaller 
size of the orifice at operation would lead to a more positive difference 
between angio and operation measurements as shown in Fig. 6.1 and 6.2. In 
Fig. 6.3, in which the percentual orifice area reduction is shown, more nega-
tive values would be observed. However, all data of severe pulmonary valve 
stenosis in the Fig. 6.1, 6.2, and 6.3 are equally distributed around zero. So in 
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Fig. 6.1. Angio jet diameter and surgical diameter. 
The differences between diameters assessed with angiography (ANG) 
and at operation (OPER), are shown as a function of the average 
diameter as calculated from the findings with both methods. 
The mean (dotted line) and ± 2 SD (solid line) are indicated and 
used as reference lines based on data of severe pulmonary valve 
stenosis. 
these cases of severe pulmonary valve stenosis the degree of narrowing did 
not change during the time delay between the investigations. 
Concerning the moderate pulmonary valve stenosis it appears that about half 
of the data fall outside the range of the 95% confidence interval for the 
severe pulmonary valve stenosis. In this group only three patients have a delay 
between angiocardiography and operation of more than six months. 
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The shape of the remaining orifice in pulmonary valve stenosis depends on 
the properties of the valve and the fusion of the leaflets. In the more severe 
cases with a tricuspid valve there remains a more or less circular orifice. This 
observation agrees with data from literature (Utley & Roe 1973; Brock 1957; 
Glenn et al. 1975; Gussenhoven & Becker 1983; Anderson et al. 1988). If the 
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F ig. 6.2. Angio orifice area index and surgical area index. 
The differences between orifice area indices assessed with angio­
graphy (ANG) and at operation (OPER), are shown as a function of 
the average area index as calculated from the findings with both 
methods. The mean (dotted line) and ± 2 SD (solid line) are 
indicated and used as reference lines based on data of severe pul­
monary valve stenosis. 
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Fig. 6.3. Percentual reduction of orifice area. 
The differences between the percentual reduction of orifice areas 
assessed with angiography (ANG) and at operation (OPER), are 
shown as a function of the average reduction of orifice areas as cal­
culated from the findings with both methods. The mean (dotted line) 
and ± 2 SD (solid line) are indicated and used as reference lines 
based on data of severe pulmonary valve stenosis. 
valve is originally bicuspid a more oval orifice will be present. Our findings 
can be compared with those of Puyau et al. (1968), Rudhe et al. (1962) and 
Berman et al. (1978). 
Puyau et al. (1968) measured the diameter of the jet on cineangiography in 
the left and/or right oblique projection in twenty-five patients and calculated 
68 
the orifice area according to Gorlin & Gorlin (1951). The diameters derived 
from the jet diameter and from the Gorlin formula in their investigation were 
approximately equal. In fourteen patients the jet diameter could be measured 
in both directions and in eleven of them the left and right oblique widths 
were in the same range. The difference between left and right oblique jet 
diameters was < 1.5 mm. Only in three cases it could be concluded that the 
aperture should be oval. In six patients the jet was measured only in one 
direction, but the diameter calculated from the Gorlin formula and the 
measured diameter were in good agreement. In five patients one diameter was 
measured and any agreement appeared lacking. In the results of Puyau et al. 
there was a difference between the calculated diameter (Gorlin & Gorlin) and 
the nine widths measured by the surgeon; in all cases except one, the calcu-
lated Gorlin diameter was smaller than those measured with a probe directly 
at operation. 
Rudhe et al. (1962) estimated the lateral and antero-posterior jet diameter to 
calculate the jet diameter in non-severe pulmonary valve stenosis. The dif-
ferences between diameters in the two projections were not mentioned, but 
the angio jet diameter was smaller than the Gorlin diameter, possibly a conse-
quence of the fact that calculation of cardiac output was based on an estima-
tion rather than on a measurement of oxygen uptake. 
Berman et al. (1978) calculated orifice areas from the width of stenotic valves 
on a lateral angio projection and compared them with the areas of the Gorlin 
and Bache formula. The assumption that the pulmonary valve stenosis orifice 
is more or less circular, was not rejected, for good correlations between both 
measurements were found. Unfortunately no comparison was made between 
these results and an eventual operation. Using the Gorlin or Bache formula to 
calculate the area of a stenotic valve, the diameter can only be calculated 
under the assumption that the orifice is more or less circular. 
From our study it appears that at operation the orifice diameter, circular or 
not, always becomes circular by the Hégar probe. However, no alternative 
measurement at operation is available. The orifice estimated from hydro-
dynamic methods and the measurement of the jet diameter are functional 
approaches, whereas the probing at operation rather presents anatomical in-
formation. 
The results indicate that the diameter measurement of the jet, orifice area 
index and orifice area reduction, equal the measurement of the surgeon in 
severe pulmonary valve stenosis. To stress this observation reference lines are 
drawn in the three figures. The reference lines are based on the results of the 
severe pulmonary valve stenosis. 
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Conclusion 
Regarding the outcome of classification of severity, probing at operation and 
jet diameter measurement on an angiocardiogram, the following conclusions 
can be drawn. 
- Difference between angio jet diameter (functional opening) and probe 
diameter (anatomical opening) is small in severe pulmonary valve stenosis; 
the same holds true for valve area index and reduced valve area. 
- From the tendency that jet measurements give an underestimation mainly 
for the larger diameters, it can be concluded, that a large jet diameter of 
about 7 mm presents a strong evidence for a moderate (not severe) pul-
monary valve stenosis. 
- These findings encourage investigations of non-invasive determinations of 
jet diameter such as prescreening for catheterisation, balloon dilatation, or 
operation. 
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CHAPTER 7 
ASSESSMENT OF THE ORIFICE DIAMETER BY A MULTIGATED 
PULSED DOPPLER SYSTEM IN CHILDREN WITH CONGENITAL 
SEMILUNAR VALVE STENOSIS 
S de Knecht, JCW Hopman, O Daniels, GBA Stoelinga, 
RS Reneman, APG Hoeks 
Br Heart J 62 (1989) 50-56 
Summary 
This study investigated whether the jet diameter measured by a multigated 
pulsed Doppler system could be used to assess the severity of valve disease in 
children with pulmonary (n = 11) or aortic (n = 4) valve stenosis. The results 
obtained were compared with those obtained at cineangiography and at opera-
tion. Multigated pulsed Doppler examination of a stenosed valve showed a 
region of relatively high velocities in the velocity profile (jet flow). There 
was good agreement between the diameter of the disturbed region on the 
Doppler echocardiogram and the diameter of the jet on the lateral angiocar-
diogram. In severe valve stenosis the agreement between the valve diameters 
measured by multigated pulsed Doppler and at operation was also good. In 
less severe valve stenosis Doppler measurements systematically underestimated 
the valve diameter at operation. It is likely that the functional opening of a 
semilunar valve is a more relevant estimate of the degree of stenosis than the 
anatomical measurement of the orifice. 
The findings of this study indicate that multigated pulsed Doppler systems are 
useful in the non-invasive diagnosis of stenotic valve disease. 
Introduction 
The severity of valve stenosis is usually assessed by the pressure drop across 
the valve (Emmanouilides et al. 1983; Friedman and Benson 1983) or from the 
orifice area (calculated by the Gorlin formula, Gorlin and Gorlin 1951). The 
orifice area can also be derived from the width of a jet of contrast (Berman et 
al. 1978). This angiocardiographic orifice area accorded with the haemo-
dynamically calculated orifice area, when the area of the stenosis was assumed 
to be circular (Berman et al. 1978). In eight out of nine patients the valve 
orifice calculated from the angiocardiographic jet diameter was smaller than 
the diameter measured during operation (Puyau et al. 1968). 
The introduction of echocardiography, especially cross-sectional and Doppler 
techniques, has improved the potential for non-invasive prediction of the 
severity of a valve stenosis (Daniels et al. 1986a). Pulsed and continuous wave 
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Doppler systems allow the pressure drop across a stenotic valve to be calcu-
lated from the Bernoulli equation (Holen et al. 1976; Halle et al. 1978; Lima et 
al. 1983). But this approach is restricted by the dependence of the pressure 
drop on cardiac output. Also single gated pulsed Doppler systems cannot 
accurately detect high blood flow velocities. So single gated pulsed Doppler is 
reliable only in mild pulmonary valve stenosis (Halle et al. 1980). 
Johnson et al. (1973) used a single gated pulsed Doppler device to detect the 
jet in aortic valve stenosis. They measured the diameter of the jet by assessing 
the width of a region of flow disturbance distal to the stenosis. But this tech-
nique was accurate only when stenosis was severe. Recently Veyrat et al. 
(1987) introduced a single gated pulsed Doppler mapping technique to assess 
the severity of aortic valve stenosis in adults. The method reliably diagnosed 
less severe aortic valve stenosis, but it was time consuming. 
Multigated pulsed Doppler systems allow the on-line recording of series of 
velocity profiles at discrete time intervals during a cardiac cycle (Brandestini 
1978; Hoeks 1982; Reneman et al. 1986). Under normal circumstances the 
systolic velocity profiles in the pulmonary artery and ascending aorta are 
likely to be nearly flat, but valve stenosis produces a region of relatively high 
flow velocities (a jet). 
We have assessed the accuracy of a multigated pulsed Doppler system used to 
measure orifice size non-invasively. The multigated method is less dependent 
on cardiac output than the single gated method. 
Patients and methods 
Patients 
For 28 months all children with pulmonary valve or aortic valve stenosis 
undergoing catheterisation and subsequent cardiac surgery were admitted to 
the study if satisfactory cross-sectional and Doppler echocardiograms were 
obtained with a 5 MHz system and it was possible to perform a multigated 
pulsed Doppler investigation. The investigation was part of the routine 
examination before heart catheterisation and operation. 
Eleven children had isolated pulmonary valve stenosis. The age at catheterisa-
tion ranged from 14 days to 3 years 8 months except for one patient with a 
Noonan's syndrome (van der Hauwaert et al. 1978), aged 11 years 8 months. 
The second group consisted of four children with aortic valve stenosis aged 
from 13 days to 1 year 2 months at catheterisation. 
In those with pulmonary stenosis the delay between catheterisation and opera-
tion was about two months (range 13 days to 4 months 3 weeks). In two 
children (cases 1 and 5, table 7.1) the delay was 23 and 20 months. In all those 
with pulmonary stenosis all multigated pulsed Doppler examinations were 
performed a few days before operation, under sedation if necessary. 
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The mean interval between the multigated pulsed Doppler examination and 
catheterisation or operation was 10 days (range 1 - 3 0 days) in those with 
aortic valve stenosis. 
Catheterisation studies 
All children were investigated by catheterisation except for one patient with 
pulmonary valve stenosis. She had an operation on the basis of echocardio-
graphic and Doppler investigations alone. 
Catheterisation was performed under general anaesthesia with artificial venti-
lation. Pressures were measured under steady state conditions; when it was 
possible to pass the stenosis we measured the pressure drop across the stenosed 
valve. 
The ratio of right (RV) and left ventricular systolic pressure (LV) was used to 
estimate the severity of the stenosis in patients with pulmonary valve stenosis 
(modification after Emmanouilides and Baylen 1983). To avoid the effects of 
infundibular stenosis we measured the pressure in the right ventricular out-
flow tract and not in the cavity. Severe pulmonary valve stenosis was defined 
as a RV/LV ratio > 1.00 and a moderate stenosis as a RV/LV ratio between 
0.5 and 1.00. 
When the left ventricle could not be reached at catheterisation we measured 
the systolic brachial artery pressure by an appropriate cuff, using a Dynamap 
blood pressure measuring system. This systemic arterial pressure was then 
used to assess the RV/LV ratio. 
In infants aortic valve stenosis was regarded as severe when the peak systolic 
pressure drop across the valve was > 50 mmHg. In critical aortic valve 
stenosis, however, the pressure in the left ventricle and the drop across the 
valve may be lower because left ventricular function is impaired; this will 
lead to an underestimation of the severity of the disease. 
Cineangiocardiography 
Cineangiocardiography was performed during catheterisation to visualise the 
jet stream. A lateral view was used in those with pulmonary valve stenosis 
and a left anterior oblique view in those with aortic valve stenosis. The con-
trast medium was Angiografin 65% (meglumine - amidotrizoate) in a dose of 
0.5 - 2 mg.kg"1 body weight. The contrast medium was injected into the 
cavity of the ventricle with a catheter dependent flow rate (NIH 5-7 F). The 
cine frame rate was 75 sec "1 (Fig. 7.1). 
From each film we selected a frame showing a well defined opacified jet and 
we measured the diameter of the jet stream. This procedure was performed 
three times with an interval of at least one day between the measurements. 
The site of measurement was just downstream of the stenotic valve. In most 
cases the jet flow was detected in early systole of the first or second heart 
beat after contrast injection. We used the diameter of the image of the cath-
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eter in the right ventricular outflow tract as a reference to calculate the real 
jet diameters. We took the mean of a series of three measurements as the 
diagnostic value. 
Fig. 7.1. Lateral cineangiocardiographic view of the jet in pulmonary valve 
stenosis after contrast injection into the right ventricle. 
The diameter of the jet is measured just downstream from the ste-
notic valve. The site of measurement is indicated with two arrows. 
RV = right ventricle 
PA = pulmonary artery 
Multigated pulsed Doppler measurements 
We used a 5 MHz multigated pulsed Doppler system with 64 adjacent sample 
volumes over a distance of 38.4 mm (one sample volume = 0.6 mm in length). 
To visualise the site of investigation, we connected the multigated pulsed 
Doppler system to an ATL mark V real time echo-scanner. The site of 
sampling across the vessel was selected by moving the M-line direction and 
adapting the delay indicating the depth of the sample range along the M-line 
just as in the single gated pulsed Doppler system. 
Measurements were made with the child lying on its left side. To visualise the 
pulmonary artery or the ascending aorta in a long axis view, we placed the 
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transducer in the first or second left intercostal space in patients with pul-
monary valve stenosis and in the third or fourth intercostal space in patients 
with aortic stenosis. If necessary the patients were sedated with an intramus-
cular injection of promethazine (0.5 mg.kg"1), chlorpromazine (0.5 mg.kg"1), 
and pethidine (1 mg.kg"1). 
The flow velocity profiles of the orifice were recorded with the M-line 
positioned just downstream from the stenotic valve (de Knecht et al. 1983; 
Daniels et al. 1986b). The angle of the M-line to the axis of the pulmonary 
artery was measured on the sector scan. To calculate the jet diameter we 
assumed that the flow direction corresponded with the axis of the pulmonary 
artery. To obtain a cross-sectional profile we chose an angle of about 80°; at 
90° the Doppler signal becomes impaired. Narrowing of the valve orifice 
caused a region of high velocities in the profile. The diameter of this region 
in systole was assumed to represent the flow diameter of the orifice. Aliasing 
was seen if the jet flow exceeded the velocity limits of the pulsed mode. 
When this happened we increased the angle of interrogation. An observation 
close to 90° with the jet diameter will affect the accuracy with which the jet 
diameter can be established since the velocities, corrected for the estimated 
angle, are compared with a threshold. With a pulse repetition frequency of 7.8 
KHz, velocities up to 60 cm.s"1 can be estimated at 0°, up to 3.5 m.s"1 at 80°, 
and up to 7.0 m.s"1 at 85°. Deviations from the real jet direction (for instance 
90°) and assumed jet direction (for instance 70°) are not critical because a 
deviation of 20° gives rise to a maximum error of 12%. The number of 
contributing gates (0.6 mm each) gave the diameter of the jet flow, which was 
corrected for the estimated angle of interrogation (Fig. 7.2). A series of 
frames of velocity profiles was stored and only the largest and most typical 
jet flow patterns were chosen because the smaller disturbances will have been 
measured obliquely. Measurements were repeated three times and the mean of 
these measurements was used for further analysis. 
Measurements during operation 
During operation the diameter of the pulmonary valve orifice was measured 
with a circular probe before valvotomy or valvectomy. The probe that just 
fitted the valve without stretching it was regarded as the size. To avoid 
accidental rupture of stenosed aortic valves we measured the length of the slit 
of the collapsed valve, which we assumed to be half the internal circum-
ference of the orifice. This approach was necessary because the clinical 
consequences of aortic valve regurgitation are severe. These calculated 
measurements were rounded down to probe values. In one patient (case 12) 
the diameter was measured at necropsy. 
We used the age and height dependent internal circumference reference 
values to calculate the valve orifices (Schulz & Giordano 1962). 
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S de К measured the width of the jet by the multigated pulsed Doppler 
system and by angiocardiography. The surgeon was not informed of the out­
come of the non-invasive measurements. 
Fig. 7.2. Example of a pulmonary valve stenosis investigated with multigated 
pulsed Doppler. 
The site of measurement (M-line) is indicated. There are three 
measurable orifice flow profiles in the pulmonary artery (PA). In 
systole in the first flow profile the diameter of the ostium flow is 
indicated ("JET"). It runs from the beginning of the first fast 
deflection till the end of this deflection. The jet diameter is related 
to the total length of the 64 sample gates (38.4 mm) and corrected 
for the angle between the flow direction and M-line. There are vague 
aortic (Ao) flow patterns below the pulmonary artery flow profiles. 
The electrocardiogram is shown as a time scale. 
Statistical analysis 
The mean (2 SD) of paired differences was calculated to compare the results 
of multigated pulsed Doppler and cineangiocardiography. To compare the 
results of multigated pulsed Doppler and operation we calculated the mean 
(2 SD) for only the severe stenoses. All the results are presented (Fig. 7.3 and 
7.4) with limits of agreement according to Bland and Altman (1986) and 
Gardner and Altman (1986). 
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Fig. 7.3. Patients with pulmonary or aortic valve stenosis. 
Differences between the diameters assessed with the multigated 
pulsed Doppler system and at cineangiocardiography are shown as a 
function of the mean diameters calculated from the findings with 
both methods. The mean (solid line) and ± 2 SD (dotted lines) are 
indicated. 
Results 
The 1 SD of the mean of each series of three measurements ranged from 0.05 
to 0.44 mm at angiocardiography and from 0.15 to 0.83 mm in the multigated 
pulsed Doppler measurements (one sample-gate measures 0.6 mm). 
Table 7.1 lists the results. In patient 5 the multigated pulsed Doppler investi-
gation was impossible because the child would not stay still. Patients 4 and 9 
had Noonan's syndrome and in one of them no jet was detected. One patient 
(case 11) had cardiac operation without catheterisation; the reference diameter 
at operation suggested severe pulmonary stenosis (orifice area < 30% of 
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normal, see table 7.1). The valves were tricuspid (shape unknown in patient 6) 
in those with pulmonary stenosis and bicuspid in those with aortic stenosis. 
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Fig. 7.4. Patients with pulmonary or aortic valve stenosis. 
Differences between the diameters assessed with the multigated 
pulsed Doppler system and at operation are shown as a function of 
the mean diameters calculated from the findings with both methods. 
The mean (solid line) and ± 2 SD (dotted lines) of the severe 
pulmonary and aortic valve stenosis are indicated. 
78 
Table 7.1. Orifice diameters in pulmonary valve and aortic valve stenosis 
measured by multigated pulsed Doppler (MPD), cineangiocardlography, and 
at operation. The reference standards for age and height are derived from 
Schulz and Giordano (1962). 
pulmonary valve stenosis 
patient 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
patient 
number 
12 
13 
14 
15 
before operation 
RV/LV 
ratio 
(mm) 
0.53 
0.57 
0.64 
0.69 
0.70 
0.70 
1.00 
1.14 
1.17 
1.60 
-
aortic val' 
MPD 
diam. 
(mm) 
4.9 
6.3 
4.4 
7.3 
-
3.1 
5.8 
5.5 
4.2 
4.1 
7.3 
angio. 
diam. 
(ram) 
4.9 
5.2 
3.7 
6.5 
7.0 
3.5 
5.1 
5.2 
no jet 
3.0 
-
ve stenosis 
before operation 
LV-AO 
pr.drop 
(mmHg) 
50 
75 
45 
95 
MPD 
diam. 
(mm) 
3.8 
3.9 
3.8 
3.6 
angio. 
diam. 
(mm) 
3.8 
3.7 
3.8 
3.4 
ref. 
diam. 
(mm) 
13.7 
10.4 
14.3 
15.7 
13.2 
10.1 
12.6 
14.1 
7.2 
7.3 
11.0 
ref. 
diam. 
(mm) 
6.8 
8.7 
7.3 
8.3 
at operation 
oper. 
diam. 
(mm) 
12 
11 
11 
12 
9 
6 
6 
5 
4 
3 
6 
ref. 
diam. 
14.7 
10.6 
14.3 
16.3 
14.1 
10.2 
12.7 
14.2 
8.6 
9.2 
11.0 
at operation 
oper. 
diam. 
(mm) 
4 
3 
3 
3 
ref. 
diam. 
(mm) 
6.8 
8.7 
8.3 
8.3 
RV/LV ratio = ratio of right ventricular/left ventricular systolic pressure 
MPD diam. = jet flow diameter measured with multigate pulsed Doppler 
angio. diam. = diameter of jet on angiocardiogram 
ref. diam. = reference diameter 
oper. diam. = probe diameter at operation 
LV-AO pr.drop = left ventricle - aorta systolic pressure drop 
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Table 7.2. Comparison of diameters 
(a) diameters in all pulmonary and aortic valve stenoses 
variable η mean (mm) 1 SD 
multigated minus angio 12 0.40 0.46 
multigated minus operation 15 -1.44 2.96 
angio minus operation 13 -2.25 3.08 
(b) diameters in severe pulmonary and aortic valve stenoses 
variable η mean (mm) 1 SD 
multigated minus angio 7 0.38 0.39 
multigated minus operation 9 0.57 0.53 
angio minus operation 7 0.13 0.57 
Table 7.2 shows the mean (1 SD) of the paired difference of the different 
methods of investigation. There was strong agreement between jet diameters 
assessed by the multigated pulsed Doppler system and angiocardiography. 
Fig. 7.3 shows the combined results for the groups with pulmonary and aortic 
valve stenosis. The paired differences between the diameters measured by 
multigated pulsed Doppler and angiocardiography were compared with the 
mean diameter calculated from multigated pulsed Doppler and angiographic 
findings. 
Fig. 7.4 shows a comparison of the paired differences between the diameters 
assessed by multigated pulsed Doppler and at operation and the mean 
diameter derived from the findings at multigated pulsed Doppler and opera­
tion. The mean and 2 SD are calculated only for the severe pulmonary and 
aortic valve stenoses. The values of moderate pulmonary valve stenosis were 
outside these limits of agreement (2 SD), but agreement between the methods 
was good in patients with severe stenosis. The multigated pulsed Doppler 
method underestimated the diameter of moderately stenosed valves measured 
at operation, but only to the same extent as cineangiocardiography did. 
Discussion 
We found that, whatever the degree of stenosis, the jet diameter measured on 
the angiocardiogram corresponds well with the diameter measured by multi­
gated pulsed Doppler. The diameter assessed from the width of the jets 
correlated well with the diameter measured at operation when pulmonary or 
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aortic valve stenosis was severe. When the stenosis was less severe, however, 
the diameter from the jet systematically underestimated the diameter 
measured at operation. 
Multigated pulsed Doppler and angiocardiography both measure functional 
diameters. With multigated pulsed Doppler systems a local disturbance in the 
flow profile can be visualised, and on the angiogram a region of fast filling 
contrast is seen. With multigated pulsed Doppler systems the frontal-dorsal 
diameter is assessed. The lateral projection at cineangiocardiography also 
estimates the frontal-dorsal diameter. In aortic valve stenosis a left oblique 
view is used, with nearly the same diameter in cross-section as in multigated 
pulsed Doppler. The jet is directed towards the anterior wall of the main 
pulmonary artery (Fig. 7.1). The multigated pulsed Doppler measurements are 
performed at an angle of interrogation close to 90°. Underestimation of the 
orifice diameter by the multigated technique when the stenosis is less severe 
accords with previous observations (Puyau et al. 1968; Rudhe et al 1962). 
Compression of the jet by areas of recirculation (Caro et al. 1978) is not likely 
to be responsible for the underestimation of the diameter. The most likely 
explanation for the discrepancy is the difference between functional opening 
and the anatomical orifice assessed at operation. Under normal circumstances 
and in slight to moderate valve diseases maximum valve opening is not needed 
for adequate outflow at rest. The probe method probably measures the largest 
possible circular aperture. In severe stenosis although the orifice reaches its 
largest possible diameter blood flow is obstructed. In this situation the 
diameter measured at operation is likely to be similar to the functional diam-
eter because the orifice can only be passed by a probe with a diameter about 
equal to the maximum diameter of the valve orifice. 
The idea that the valve diameter calculated from the width of the jet repre-
sents the functional diameter is supported by the fact that the jet diameter 
assessed by cineangiocardiography and the jet diameter calculated by the 
Gorlin equation are usually similar (Berman et al. 1978; Puyau et al. 1968). 
Berman et al. (1978) only reported on cineangiograms obtained in a lateral 
view. The assumption that the orifice is circular seems to be valid in more 
severe congenital pulmonary valve stenosis (Brock 1957; Utley & Roe 1973; 
Glenn et al. 1975; Anderson et al. 1988). When valve malformation is severe 
this assumption is not valid. These cases, however, can easily be diagnosed by 
cross-sectional echocardiography. In one angiographic study the valve area 
was smaller than that calculated by the Gorlin equation (Rudhe et al. 1962). 
In this study, however, oxygen consumption (used to calculate cardiac output) 
was assumed rather than measured and this may introduce errors in the calcu-
lated haemodynamic area. 
Nevertheless, in patients with moderate to severe aortic stenosis the diameter 
of the orifice measured by single gated pulsed Doppler flow mapping tech-
niques resembled the diameter assessed haemodynamically (Johnson et al. 
1973). Although Veyrat et al. (1987) warned that the orifice of the aortic 
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valve may not be circular, 56% of the orifices were circular and only 6% were 
slits. These findings support the idea that functional assessment of the degree 
of stenosis is better than anatomical measurements. 
With the new techniques of colour coded Doppler the jet is directly visible. 
Diameter measurements, however, depend on the adjustment of the colour 
imager. The combination of detection of jet direction by colour Doppler and 
measurement of the diameter by multigated pulsed Doppler seems promising. 
In conclusion, a jet diameter that corresponds to that measured on the angio-
cardiogram can be measured non-invasively by multigated pulsed Doppler 
systems. This diameter probably represents the functional opening of the 
valve. 
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CHAPTER 8 
AUTOMATED CALCULATION OF STENOSIS DIAMETERS FROM 
THE WIDTH OF THE VELOCITY JET WITH THE USE OF A 
MULTIGATE PULSED DOPPLER SYSTEM 
Simon de Knecht, Jeroen C.W. Hopman, Jos L.C.M. Alsters, 
Otto Daniels, Arnold P.G. Hoeks and Robert S. Reneman 
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Abstract 
The aim of this study was to evaluate an algorithm for automated estimation 
of the width of a jet stream originating from a stenosis. The evaluation was 
performed in a pulsatile flow model. The width of the Jetstream was assessed 
by measuring the diameter of the region with relatively high velocities (the 
jet) in the velocity profiles, as recorded with a multigate pulsed Doppler 
system. Measurements were performed at 3, 6, and 9 mm downstream from 
three different stenoses (stenosis diameter: 3, 5, or 8 mm) at different 
Reynolds numbers (200-1600) based on time averaged flow velocity for a tube 
of diameter 15 mm. The developed algorithm was used successfully for auto-
mated detection and quantification of jet flow diameters downstream from a 
stenosis. The algorithm can be used for calculating the stenosis diameter not-
withstanding a theoretically predictable overestimation of about 1 mm, de-
pending on the Reynolds number and the distance from the stenosis. 
Introduction 
In children with valvular aortic or pulmonary stenosis often a "Jetstream" can 
be visualised by means of angiocardiography. Such a Jetstream arises from the 
small orifice in the stenotic valve and consists of a zone of relatively high 
blood flow velocities. These jets may be either very short and break-up into a 
turbulent flow region after a few millimeters or extend into the arterial 
system. 
There are indications that in the pulmonary valve stenosis a good relation 
exists between the width of the jet on angiocardiography, assessed just down-
stream from the valve, and the diameter of the orifice of the stenotic valve 
(Baron 1971; Derra and Bircks 1976; Castaneda-Zuniga et al. 1978). Berman et 
al. (1978) found a good correlation between the estimated ostium diameter 
from the width of the jet, as assessed on the anteroposterior diameter on the 
lateral right ventricular angiogram, and the valve area, as assessed with the 
hydrodynamic formulas of Gorlin & Gorlin (1951) and Bache et al. (1972). 
Recently, however, multigate pulsed Doppler systems have become available 
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that allow the on-line recording of velocity profiles in arteries, i.e. the 
velocity distribution over the cross-sectional area of the vessel (Reneman et 
al. 1985, 1986). From the width of these profiles, as assessed just downstream 
from the obstruction, the orifice diameter of stenotic pulmonary valves can be 
estimated noninvasively (de Knecht et al. 1983; Daniels et al. 1986b). 
Because the multigate pulsed Doppler system used generates 256 profiles in 
4s, each consisting of 64 sample points at 0.6 mm intervals along the ultra-
sound beam, a lot of data is acquired. Therefore, automated evaluation of the 
profiles is necessary. Automated computation of profile width has the ad-
ditional advantage of objective estimates. Based on the discontinuity in the 
spatial velocity distribution (a jet), an algorithm to calculate jet diameters was 
developed. This algorithm was evaluated in a flow model with known con-
centric stenoses. Velocity profiles were recorded at various sites distal to the 
stenosis with the use of the multigate pulsed Doppler system. The computed 
profile widths were compared with the diameters of the stenosis. The data 
revealed that the stenosis diameter can be derived reliably from the computed 
profile width. 
Material and methods 
Multigate pulsed Doppler system 
The multigate pulsed Doppler system, as developed by Hoeks (Hoeks et al. 
1981; Hoeks 1982; Reneman et al. 1986) was used in this study. With this 
system the Doppler frequency was estimated in 64 adjacent sample volumes, 
measuring 5 mm3 (Hoeks et al. 1984a), using a modified time discrete instan-
taneous frequency estimator (Hoeks et al. 1984b). The 64 sample volumes 
were equally distributed over a distance of 38.4 mm corresponding to a 
sample distance of 0.6 mm. For each gate consecutive instantaneous frequency 
estimates are passed through a low-pass filter (cut-off frequency 16 Hz). 
Every 16 ms the averaged generated 64 frequency estimates are stored in a 
rotating buffer, accommodating 256 profiles, corresponding to 4 s. The pro-
file update rate is sufficient to determine the occuring accelerations (typical 
acceleration times are about 200 ms). 
Because in the bed side situation a two-dimensional echo image has to be used 
for proper positioning of the sample volumes, the multigate pulsed Doppler 
system was coupled to an ATL Mark V echo Doppler system, exchanging the 
original single gate pulsed Doppler unit for the multigate pulsed Doppler 
system. The 5 MHz scanhead was used in all measurements providing a lateral 
resolution in the focal zone (5 cm from the transducer) of about 1 mm. The 
axial resolution is not only dependent on the gatewidth (0.6 mm), but also on 
the bandwidth of the transducer and signal processing circuitry. The axial 
resolution of the system was also about 1 mm. 
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The discrete nature of the multigate pulsed Doppler technique implies that the 
size of a region with relatively high velocities, as in a jet, will always be 
overestimated (Fig. 8.1). When a sample gate is activated over more than 10% 
of its total sensitive region the Doppler signal will become sufficiently strong 
to activate the frequency detector thereby increasing the estimated size with 
one total gate length. 
An essential limitation of pulsed Doppler techniques is the phenomenon of 
aliasing. The maximum velocity that can be unambiguously detected with 
these systems at a certain depth is limited and depends on the emission fre-
quency, the pulse repetition frequency (PRF) and the angle of observation. In 
this system the PRF is 7.8 kHz, theoretically corresponding to a maximal 
unambiguous velocity estimate of about 60 cm.s"1 at 0°. Because we intended 
to measure cross-sections through velocity profiles, aliasing was avoided by 
choosing an angle of about 80° between ultrasound beam and velocity direc-
tion. Under these measurement conditions the peak velocity that can be 
accommodated is 3.5 m.s"1. 
Fig. 8.1. Schematic drawing of the diameter estimation of a vessel with a 
multigate pulsed Doppler system. 
The cross-hatched sample gate is activated for only 10% but contrib-
utes with its total size to the diameter estimate (D^), introducing an 
overestimation as compared to the measure from the dashed sample 
gates occupying nearly the total diameter of the vessel (D2). 
MPD = multigate pulsed Doppler 
s.v. = sample volume 
Moreover, the multigate pulsed Doppler system used had a correction mecha-
nism (anti-aliasing) allowing the detection of high velocities, even when the 
frequency passed beyond the Nyquist frequency (1/2 PRF), provided that the 
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bandwidth of the Doppler signal remained below PRF/2. The correction 
mechanism was based on a comparison of the detected instantaneous frequen­
cy of the Doppler signal with its running average (Hoeks et al. 1984a). The 
measurements were performed with the anti-aliasing correction on and off. 
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Fig. 8.2.Α. Schematical drawing of the flow model with interchangeable 
stenosis, as used for the multigate pulsed Doppler measurements of 
jet diameters. 
1 - pressure vessel 6 
2 - container 7 
3 - roller pump 8 
4 - over-pressure valve 9 
electro-magnetic valve 
silicon rubber tube 
electro-magnetic flowmeter 
stenosis 
5 - pulse generator 10 - basin 
Flow model 
Because a jet region can be distinguished the most clearly in the acceleration 
phase, we limited ourselves to the recording of velocity profiles in this phase 
of the cardiac cycle. Therefore, the flow model used could be a simple one. 
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The flow model was based on the principle of a relaxation oscillator (Fig. 
8.2.A). The pressure vessel (1) was continuously fed with fluid from the 
container (2) by a roller pump (3); the maximum pressure developed being 
controlled by an over-pressure valve (4). By means of a variable pulse genera­
tor (5) the electromagnetic valve (6) was periodically opened inducing a 
rapidly accelerating flow in the tubing (7). The flow was recorded with a 
Statham SP2200 electromagnetic (EM) flowmeter (8), callibrated prior to the 
experiments. The whole system consisted of PVC tubing except for the site of 
measurement where the PVC was replaced by silicon rubber tubing (length 
about 40 cm). The system was filled with a saline solution containing 10 mil­
liliter Sephadex G-200 per liter as a scattering medium. An interchangeable 
flat stenosis (Fig. 8.2B) of 3, 5, or 8 mm in diameter was mounted in the 
silicon rubber tubing (15 mm in diameter), submerged in a water filled basin 
to accommodate the propagation of ultrasound pulses. 
The flow in the tube was characterized by Reynolds numbers (Re): 
Re= _lf_Q 
π η D 
where ρ is the density of the fluid (1 g cm"3), Q the mean flow calculated 
over one pulsed-interval (1.5 s), D the diameter of the tubing (15 mm), and η 
the viscosity, measured with an Emila Rotation viscometer (1.3 cP). 
Because of the pressure driven system, maximal attainable velocities are 
dependent on the stenosis diameter. For instance for the 5 mm stenosis maxi­
mal mean velocity is about 35 cm.s"1, corresponding to a maximal velocity in 
the stenosis of about 3 m.s"1. For the 3 mm stenosis these values are 15 cm.s"1 
and 3.5 m.s"1, respectively. Maximal attainable accelerations of the mean 
velocity in the tube are 150 cm.s"2 for the 5 mm stenosis, corresponding to 
1350 cm.s"2 in the stenosis, and 80 cm.s"2 and 2000 cm.s"2, respectively, for 
the 3 mm stenosis. Velocities and accelerations in the stenosis are calculated 
assuming a simple rigid model, so these data are only approximations. 
Measurements 
In all measurements the scanhead was fixed with the transducer surface about 
3 cm from the axis of the tube at the site of measurement. The axis of the 
ultrasound beam was positioned 3, 6, or 9 mm distal to the center of the 
orifice of the stenosis at an angle of 80° with the direction of flow. This angle 
is a compromise between a true cross-sectional measurement (90°) and a suf­
ficient Doppler shift (inversely proportional to the cosine of the angle). Posi­
tioning was verified by means of the two-dimensional echo image. The pulsa­
tile flow rate range was chosen in such a way that at the lowest rate a flow 
profile could just be recorded, while at the highest rate no disturbances due 
to aliasing occurred. As an example some flow velocity pattern for different 
mean flow rates are shown in Fig. 8.3. 
87 
M-UNES 
3 6 9 MM 
Fig. 8.2.B. Detail of the stenosis. 
Ostium cross-sections are round with a diameter of 3, 5, or 8 mm 
and stenosis length of 1 mm. The M-lines symbolize the direction 
and site of measurements. The distances 3, 6, and 9 mm from the 
stenosis are measured perpendicular to the center of the orifice. 
3 s 
Fig. 8.3. Examples of highest, medium, and lowest spatial mean velocities in 
the 15 mm measuring tube with a 5 mm stenosis, showing the 
pulsatile character of the flow. 
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After the flow had reached a steady state and the transducer was positioned 
properly, the echo Doppler system was switched to the Doppler mode. Every 
16 ms the multigate pulsed Doppler system recorded a profile which was 
stored in the 4 s rotating buffer. After the acquisition was stopped these data 
were transferred to a Wicat microcomputer system, together with the simulta­
neously recorded output of the EM-flowmeter and the pulse-generator output 
which was used for synchronization in the analysis. In this way measurements 
were performed at various flow velocities and at three distances from the 
three different stenosis diameters. 
Analysis 
The analysis of the profiles was based on a three parameter model as depicted 
in Fig. 8.4. 
/ 3 \ 
1 * 1 
4 » 
I » 
a 2 
Fig. 8.4. The nonlinear function used for characterization of the velocity 
profiles, as measured with the multigate pulsed Doppler system. 
The function consists of a parabola for a limited interval and a 
constant zero function outside that interval: a1 - distance from 
starting point of the profile to maximum of the parabola; az - half 
the diameter of the parabola; a3 - maximum value of the parabola. 
This function can be described mathematically by a nonlinear function 
consisting of a parabola F(x) with the interval (aj - a2 < χ < a1 + a2) and a 
constant zero function outside that interval: 
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/ = аз-Кх-а^-а.,] . [(х-а^+Зг] /а2 
F (х) if I (х-а!) I < а2 
\ = 0 for other values 
The parameters describing this function were estimated by a fitting proce­
dure, modified after Bevington (1969), that minimizes the reduced χ 2 devia­
tion (the sum of squares of the deviation per sample gate, divided by the 
number of sample gates). So for each profile a set of 4 parameters (a^ a2, 33, 
and χ 2 ) was obtained. Because especially in the acceleration phase of a flow 
pulse a clearly distinguishable jet was found, the following procedure was 
used to determine the jet diameter for each pulse. Starting from the synchro­
nization pulse the first two consecutive profiles, thst fulfilled the criteria 
listed below, were used. The precise values for the criteria were obtained 
tuning the algorithm by experience. 
1. Before starting the search for legal profiles at least one profile without 
measurable velocity has to be found. So one profile with an amplitude 
lower than 5 cm.s"1 (minimum measurable flow velocity in the direction of 
the ultrasound beam) has to be first. 
2. The maximum amplitude (33) of both profiles has to exceed a minimum 
velocity threshold of 6.5 cm.s"1, to be sure to sample "true" velocity in the 
acceleration phase. 
3. As a measure for the correctness of fit χ2 should be lower than 18 cm2.s"2 
for both profiles. This is equivalent to an estimated SD of about 4 cm.s"1. 
The ultimate value is somewhat arbitrary and not critical. 
4. The difference between the maximum velocity amplitudes (a3) of the two 
profiles has to remain between -2.0 cm.s"1 and 25.0 cm.s"1. Accelerations 
in the 15 mm tube, based on flow accelerstion measured with an EM-
flowmeter, are about 1000 cm.s"2. This corresponds to an acceleration of 
9000 cm.s"2 distal to a 90% (5 mm) stenosis. Taking into account an angle 
of 80° the maximal acceleration that thus can be detected is about 1600 
cm.s"
2; this means a difference of 25 cm.s"1 between two consecutive pro­
files (16 ms). In our experience this restriction is also suitable for the 3 and 
8 mm stenosis. The lower limit has to be introduced for those cases with 
slow accelerstion in the early or late acceleration phase. 
5. The difference between the width parameter (a2) of the two profiles hss to 
remain between -0.6 mm and 1.8 mm. Assuming an increase of the jet 
diameter in the acceleration phase, a maximal increase of 3.6 mm was 
accepted. For the lower limit the same argument holds as described for 
point 4. 
6. The localization of the two profiles (aj) may not differ more than 0.6 mm. 
This constraint is introduced to stabilize the algorithm avoiding successive 
profile estimates to be accepted from different depths. 
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7. Both profiles have to be found between 60 and 190 ms after the synchroni-
zation pulse. These criteria are based on the typical pulsatile flow used in 
the model and limits the algorithm to the acceleration phase. 
From the two profiles selected in this way the mean jet diameter was calcu-
lated as an estimation of the orifice diameter after correction for the angle. 
Fig. 8.5. Example of a multigate pulsed Doppler measurement at a distance 
of 9 mm from a 3 mm stenosis. 
Reynolds number based on time average in the 15 mm silicon rubber 
tubing. The angle between ultrasound beam and flow direction, and 
the fit results are indicated. Measurements were performed without 
anti-aliasing correction. The distance between profiles indicates 
16 ms time intervals and 10.9 cm.s"1 velocity intervals. Velocity 
profiles (solid lines) and fitted functions (dashed lines) show good 
agreement in the acceleration phase. 
Results 
Measurements were successfully carried out in all nine experimental situations 
(i.e. the combinations of distances and stenosis diameters). Since no differ-
ences were found between the results obtained with correction on or off, in 
the further analysis no distinction was made between these two operation 
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modes. An example of the profiles recorded at a distance of 9 mm from a 3 
mm stenosis and the concomitant fitted curves (dashed lines) are shown in 
Fig. 8.5. 
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Fig. 8.6. Jet diameters estimated from MPD measurements (Y axis in mm) 
for different ostium sizes (indicated with dashed lines), at diffe­
rent distances from the ostium (in mm) and for different Reynolds 
numbers (X axis). 
Solid lines are predicted from linear regression. The vertical solid 
lines indicate ± 2 SD. 
In total the profiles of 273 pulses were analysed. Only in 24 profiles the algo­
rithm failed to detect a diameter. In 18 of these cases visual inspection did not 
allow diameter assessment either. In the remaining 6 cases some of the 
parameters had borderline values which did not meet the criteria. Retrospec-
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lively only 6 of the diameters, as assessed using the algorithm, were 
discarded. In these cases the borderline values just met the criteria, but visual 
inspection revealed strong dissimilarity with the profiles of other pulses 
generated in that experimental situation. 
The results are summarized in Fig. 8.6. For each diameter of the stenosis the 
ostium estimate (Y axis) is plotted against the Reynolds number (X axis). 
Assuming a linear model, the best linear fits for the measurements are estima-
ted from linear regression. The estimated regression lines are indicated with 
solid lines. Vertical solid lines indicate the interval of ± 2 SD around the mean 
diameter estimated for the related Reynolds number. Due to limited display 
resolution some symbols partly coincide. 
As expected from theory the ostium diameter was overestimated by about 1 
mm (Fig. 8.1). The overestimation decreased with higher Reynolds numbers, 
especially when the profiles were recorded close to the site of stenosis. 
Further downstream there was an increasing scatter in the estimates. In case 
of the 3 mm stenosis, the highest Reynolds numbers could not be attained be-
cause of limitations of the flow model. Especially at high Reynolds numbers 
good estimates of the ostium diameter were obtained. At the lowest Reynolds 
numbers no jet flow could be detected at larger distances from the 8 mm 
stenosis. 
Discussion 
The findings in this study show that ostium diameters can be estimated rather 
accurately from the width of the jet. A better accuracy is acquired when the 
jet diameter is assessed close to the stenosis than further downstream. This is 
to be expected since the jet will gradually disappear at larger distances. In 
clinical practice the limited range suitable for proper assessment of the ostium 
diameter does not pose problems since a priori information is available about 
the site of the stenosis. From theory a constriction of the jet (vena contrada) 
just downstream of the stenosis can be expected (Caro et al. 1978; Holen et al. 
1985). This effect probably influences the results obtained in this study. At 
short distance from the stenosis and in case of small orifices the diameter will 
be underestimated with increasing Reynolds numbers. On the other hand the 
diameter assessed will be overestimated by about 1 mm due to the mode of 
action of the system (see material and methods), especially at larger distances 
and in case of larger orifices. Therefore, it is impossible to make a simple 
correction for the overestimation of the diameter. 
By using an angle of 80° with the flow direction aliasing in the acceleration 
phase is avoided. This explains why we do not find differences between 
measurements with and without the anti-aliasing correction. In the early 
acceleration phase, with relatively low flow, viscous losses are associated with 
a separation of flow (Caro et al. 1978). Determination of the jet diameter can 
thus lead to an overestimation by a significant radial flow. The reason for 
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taking the acceleration phase as site of measurement is to avoid aliasing 
around the peakflow. We have developed this method for children with a 
valvular stenosis (de Knecht et al. 1983; Daniels et al. 1986b). In our expe-
rience measurements in early systole give the best results, not disturbed by 
aliasing. 
Not only the velocities, but also the accelerations are low, as compared with 
the values in the pulmonary artery of normal subjects, which range from 60 -
90 cm.s"1 and from 700 - 1500 cm.s"2, respectively (Daniels et al. 1987; van 
Oort et al. 1988). In our model, however, the fluid has a viscosity of about 
30% of blood, that is why the maximum velocities and accelerations can be 
lower than in the in vivo situation to compare flow conditions in terms of 
Reynolds numbers. 
Scaling based on viscosity does not apply to peak Doppler frequency and rate 
of change of mean Doppler frequency. Since the range of velocities that can 
be detected unambiguously extends to 3.5 m.s"1 (for an angle of observation 
of 80°) values of peak velocity in clinical practice will not impair proper 
functioning of the processing algorithm. 
Acceleration times are in the order of 200 ms offering about ten profiles 
during acceleration. For analysis in the early acceleration we therefore can 
expect the recording of at least two complete profiles. 
In conclusion the algorithm developed for automated processing of jet profile 
measurements downstream from a stenosis can be applied to a wide range of 
velocities and stenosis diameters. Taking into account the inevitable system-
atic overestimation the algorithm can be used for calculation of the stenosis 
diameter. It is worth trying to evaluate its usefulness in a clinical setting. 
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CHAPTER 9 
WIDTH OF THE VELOCITY PROFILE IN PULMONARY VALVE 
STENOSIS: COMPARISON OF MANUAL MEASUREMENTS AND 
AUTOMATED ALGORITHMS WITH THE JET DIAMETER 
ON THE CINEANGIOCARDIOGRAM 
In the previous chapters 5 and 7 only manual assessment was used to deter-
mine the width of a jet velocity flow appreciated with multigate pulsed 
Doppler. It was found that the diameter of the jet on the angiocardiogram 
agreed with the multigate pulsed Doppler velocity diameter. 
As mentioned before, having a large number of velocity profiles (about 
20.000 profiles obtained from fifteen patients) it is time-consuming to calcu-
late the jet velocity flow diameters manually. An automated evaluation of the 
velocity profiles has the advantage of being faster and more objective. In 
chapter 8 a description of a developed algorithm is given, that was tested in 
an in vitro situation to calculate tube stenosis diameters. According to the 
parabolic fit of flow patterns downstream from an obstruction which was 
previously developed, this algorithm was tested in a group of fifteen children 
with pulmonary valve stenosis. For a description of this group see chapter 10. 
In this chapter the following headings are used to discuss the various aspects 
of jet diameter measurement: 
- jet diameter measurements on the cineangiocardiogram, 
- manual assessment of multigate pulsed Doppler diameter, 
- parabolic fit as automated method, 
- other automated methods, 
- pre-screening automated fits, 
- results, 
- discussion, 
- conclusion. 
Jet diameter measurements on the cineangiocardiogram 
The results obtained with jet diameter measurement on the cineangiocar-
diogram were compared with those obtained with the multigate pulsed 
Doppler velocity flow diameters. In chapter 4 the measurements of the jet on 
the angiocardiogram have been described in detail. The diameter of the jet on 
the film was measured and related to the real diameter of the catheter used, 
so the functional diameter of the orifice in the lateral projection could be 
calculated. If no jet was found the orifice diameter was taken. 
The data of the jet diameter were taken from three independent measure-
ments; the mean of these values was used in further calculations. The results 
of three independent jet measurements on the cineangiocardiogram are listed 
in table 9.1. In eight out of these fifteen angiocardiograms a jet could be 
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clearly visualised, in the other seven ostium flow was visible while a jet could 
not be identified. In these three independent measurements the difference 
between the measured widths of the jet or of the orifice on the cineangiocar-
diogram (j/o) varied between 0.2 mm and 2.7 mm (in patient 2). The outcome 
of this patient was exceptional since the maximal mean difference was 1.1 
mm (SD 0.75). 
Table 9.1. Angio measurements of jet or ostium flow in pulmonary valve 
stenosis 
pet jet cat '¡/о cet j/o cat j/o cat diam di am di am mean SO 
nr y/n d di ri d2 r2 d3 r3 1 2 3 d 
(imi) (imi) (mm) (imi) (imi) (im) (imi) (mr) (imi) (imi) (inn) 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
H 
15 
η 
У 
У 
η 
У 
η 
η 
У 
У 
η 
η 
η 
У 
У 
У 
2.30 
2.00 
2.00 
2.00 
2.00 
2.00 
1.67 
2.00 
2.00 
2.30 
2.00 
2.00 
2.00 
2.00 
2.00 
13.7 
Η.2 
Н.О 
8.7 
17.0 
20.5 
9.5 
12.0 
8.2 
15.5 
10.7 
11.5 
11.7 
13.2 
12.2 
3.7 
Α.2 
4.0 
2.7 
3.2 
2.7 
3.0 
4.2 
4.0 
3.0 
4.0 
3.7 
4.2 
4.0 
4.0 
14.5 
12.5 
14.2 
9.0 
17.7 
22.5 
11.5 
11.7 
8.5 
15.7 
11.0 
11.7 
11.5 
13.0 
13.0 
3.5 
4.0 
4.0 
2.5 
3.2 
2.7 
3.5 
4.0 
4.2 
3.0 
3.7 
3.7 
4.5 
4.2 
4.0 
14.5 
11.5 
13.7 
7.7 
17.0 
20.5 
10.5 
13.2 
8.2 
16.0 
10.7 
11.7 
11.0 
12.7 
12.0 
3.7 
4.0 
4.0 
2.5 
3.0 
2.5 
3.5 
4.2 
4.2 
3.0 
3.7 
3.7 
4.5 
4.5 
4.0 
8.5 
6.8 
7.0 
6.4 
10.6 
15.2 
5.3 
5.7 
4.1 
11.9 
5.4 
6.2 
5.6 
6.6 
6.1 
9.5 
6.3 
7.1 
7.2 
11.1 
16.7 
5.5 
5.9 
4.0 
12.0 
6.0 
6.3 
5.1 
6.2 
6.5 
9.0 
5.7 
6.9 
6.2 
11.3 
16.4 
5.0 
6.3 
3.9 
12.3 
5.8 
6.3 
4.9 
5.6 
6.0 
9.0 
6.3 
7.0 
6.6 
11.0 
16.1 
5.3 
6.0 
4.0 
12.1 
5.7 
6.3 
5.2 
6.1 
6.2 
0.5 
0.5 
0.1 
0.5 
0.4 
O.B 
0.2 
0.3 
0.1 
0.2 
0.3 
0.1 
0.4 
0.5 
0.3 
pat nr = patient number 
jet = jet visible (y) or not visible (η) 
cat d = real catheter diameter 
j/o d l , d2, d3 = jet or ostium flow diameter measured at the first (dl), 
second (d2) and third (d3) session 
cat r l , г2, гЗ = catheter reference measured at the first (rl), second (r2) 
and third (r3) session 
diam 1 = diameter of first measurement 
diam 2 = diameter of second measurement 
diam 3 = diameter of third measurement 
mean d = mean diameter of jet or ostium flow 
SD = standard deviation 
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Manual assessment of multigate pulsed Doppler diameter 
In chapter 4 the principles of handling a velocity profile and measuring a 
profile diameter obtained with multigate pulsed Doppler measurements were 
described. An investigator experienced with multigate pulsed Doppler tech­
niques evaluated the whole set of profiles two times with an interval of 
several weeks in order to test the intra-observer variability. In each series of 
independent measurements all those profiles within one heart beat were indi­
cated in which the investigator thought to have recognized flow profiles. The 
diameter was expressed as the number of activated gates and later on cor­
rected for the corresponding angle between ultrasound beam and jet. 
The mean of 2-3 successive profiles within one heart beat was taken as the jet 
diameter of that particular heart beat. The mean of all jet diameters recog­
nized in the heart beats measured was taken as the resulting jet diameter for 
that particular patient. 
The outcome of the first measurement (Sj) was unknown when the second one 
($2) was performed. A mean value of the profiles was calculated from those 
heart beats that were detected in Sj or S2. 
The inter-observer variability was tested by comparing the results of the 
inexperienced investigator with those of the experienced investigator. The 
inexperienced investigator measured the profiles only once, but at least 2-3 
successive profiles were selected. The outcome of the other measurements was 
unkown to him. The values were referred to as T. 
All measurements were performed by both investigators without identification 
of the child involved. The outcome of cardiac catheterisation before surgical 
intervention was unknown at the time when multigate pulsed Doppler diam­
eter measurements were performed. 
In table 9.2 the data of the measurements Sj, S2, and Τ are listed. As can be 
seen in table 9.2 the difference between Sj and S2 was small. The differences 
between the S1 or S2 diameters and the Τ diameters were larger, and so were 
the standard deviation and the number of jet diameters recognized. The data 
of the experienced investigator were more consistent than those of the in­
experienced investigator. 
To compare the difference between the two values Sl and S2 the root mean 
square difference (RMSD) between the diameters Sj and S2 in each patient 
was calculated by taking the square root of the mean of squared differences. 
The RMSD was small: 0.38 mm. Also there was no significant difference be­
tween Sj and S2 according to the Student t-test for paired comparison. As 
there is a wide range of total number of beats in which a jet could be ob­
served, the number of diameter measurements in one child had to be reduced 
to < 5 to balance the comparisons. The median of those at random chosen 
diameters was used in further calculations. 
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Table 9.2. Multigate pulsed Doppler measurements: data of the experienced 
and inexperienced investigator 
pat nr 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10* 
11 
1 2 " 
13 
14 
15 
di am S, 
(nui) 
9.4 
6.1 
7.6 
5.9 
10.5 
13.8 
5.5 
5.8 
4.4 
-
5.5 
-
5.3 
5.0 
6.7 
SD 
1.0 
0.5 
0.6 
0.6 
0.9 
0.6 
0.5 
1.1 
0.3 
-
0.6 
-
0.2 
0.5 
0.3 
η 
(16) 
(15) 
(04) 
( I D 
(11) 
(14) 
(53) 
(11) 
(24) 
-
(19) 
-
( 0 9 ) 
(26) 
(15) 
d i a n S , 
(nm) 
8.8 
6.0 
6.9 
5.5 
10.7 
13.9 
5.4 
5.6 
4.9 
11.1 
5.7 
-
5.3 
5.2 
6.2 
SD 
0.5 
0.6 
0.3 
0.6 
0.6 
0.6 
0.4 
0.4 
0.3 
-
0.6 
-
0.2 
0.2 
0.6 
η 
(13) 
(11) 
(03) 
(07) 
(07) 
(07) 
(20) 
(06) 
(12) 
(01) 
(12) 
-
(06) 
(23) 
(15) 
di am Τ 
(um) 
6.6 
5.3 
-
5.7 
10.0 
8.3 
6.2 
6.6 
8.1 
4.3 
4.6 
-
5.7 
3.7 
8.9 
SD 
0.6 
1.3 
-
1.2 
2.2 
3.9 
1.3 
1.4 
2.0 
1.4 
1.7 
-
0.3 
0.7 
1.5 
η 
(04) 
(27) 
-
(16) 
(25) 
(23) 
(49) 
(17) 
(31) 
(20) 
(26) 
-
(05) 
(46) 
(60) 
* only in one set multigate pulsed Doppler jet flow was recognized 
** no multigate pulsed Doppler jet flow could be measured 
pat nr = patient number 
diam Sj = first diameter measurement by the experienced investigator 
diam 82= second diameter measurement by the experienced investigator 
Τ = measurement by the inexperienced investigator 
SD = standard deviation 
η = number of heart beats 
In table 9.3 the data of the jet diameter on the lateral angiocardiogram (mean 
d from table 9.1) and the multigate pulsed Doppler diameter (S) are listed, as 
well as the calculated difference between the mean diameter and the diameter 
S. All the differences were less than or equal to 1 mm and so in the order of 
the theoretical precision of the multigate pulsed Doppler system (except for 
the data from patient 6 with mild pulmonary valve stenosis). 
In order to compare the diameter of the jet on the angiocardiogram with the 
profile diameter (S), the RMSD was calculated for the group of all fifteen 
children with pulmonary valve stenosis (see also chapter 10). The RMSD was 
small: 0.76 mm. 
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Table 9.3. Comparison of jet diameter on the angio with manual profile 
diameter 
pat nr diem S diem - S 
(πιπ) (mn) (ліл) 
01 
02 
03 
(К 
05 
06 
07 
Οβ 
09 
10 
11 
12* 
13 
Η 
15 
9.0 
6.3 
7.0 
6.6 
11.0 
16.1 
5.3 
6.0 
4.0 
12.1 
5.7 
6.3 
5.2 
6.1 
6.2 
9.5 
6.3 
7.3 
5.8 
10.6 
14.1 
5.6 
6.0 
4.4 
11.1 
5.7 
-
5.4 
5.1 
6.4 
- 0.5 
0.0 
- 0.3 
0.8 
0.4 
2.0 
- 0.3 
0.0 
- 0.4 
1.0 
0.0 
-
0.2 
1.0 
- 0.2 
* no multigate pulsed Doppler jet flow could be measured 
pat nr = patient number 
diam = mean diameter of jet or ostium flow (see table 9.1) 
S = manual estimated multigate pulsed Doppler jet diameter 
Parabolic fit as automated method 
The same parabolic fit used in the tube stenosis was used in the patients with 
pulmonary valve stenosis, but some criteria had to be adapted to the in vivo 
situation. In pulmonary valve stenosis the character of the flow pattern was 
somewhat different and less reproducible as compared to the in vitro situa­
tion. 
As has been discussed in chapter 8 the non-linear function of the parabola 
F(x) within the interval (aj - a2 < χ < aj + a2) and a constant zero function 
outside that interval was described by the following formula for the parabola 
parameters as depicted in Fig. 9.1. 
= ^.[(х-л^-а^ . [(x-a^+aj] /a 2 2 
F (x)^ if | (x-aj) | < a2 
= 0 for other values 
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The best fit was the minimal value for the reduced χ2, as been described in 
chapter 8 for the tube stenosis (Bevington 1969). The whole model was 
described by a set of four parameters, namely a^ a2, 33, and χ
2
. In pulmonary 
valve stenosis a compromise was necessary between the solid criteria used in 
the tube test and the lesser stability of the profiles in vivo. Also many beats 
had to be recorded as the profiles measured in patients were less consistent 
than those in the in vitro situation. An example of a parabolic fit in the case 
of pulmonary valve stenosis is shown in Fig. 9.2. 
Fig. 9.1. Three parabola diameters. 
aj = distance from the first multigate pulsed Doppler gate to the 
maximum of the parabola 
a2 = half the diameter of the parabola 
a, = maximum amplitude of the parabola 
"Relational scan" (R) 
This fit was based on the comparison of two successive parabolic fits in one 
heart beat in the beginning of systole and was nearly the same as the one used 
in the tube experiments. The mean value of the two profile diameters (diam­
eter = 2 χ mean a2) could be used as diameter (uncorrected for angle) if the 
two successive profiles met the criteria listed below. 
- The profiles were measured in systole between 64 ms and 192 ms after the 
onset of the Q on the electrocardiogram. 
- Before the fit could be started at least one profile with a low amplitude (aj) 
had to be found. An г
г
 < 3.4 cm.s"1 was chosen. 
- The maximum velocity (aj) of both profiles had to exceed a velocity of 5.8 
cm.s"
1
. 
- The reduced χ 2 had to be equal to or lower than 18 cm2.s"2. 
100 
- The difference in localisation of the estimated maximum (aj) in two succes-
sive profiles may range between +1.8 mm and -1.8 mm (approximately 3 
gates). 
- The difference in half the profile diameter (a2) between two successive 
profiles may range between +1.8 mm and -0.6 mm (3 gates more or one gate 
less). 
- The difference in the maximum velocity between two successive profiles 
(aj) had to remain between -1.8 cm.s"1 and 22.4 cm.s"1, so the velocity may 
increase but hardly decrease. 
The mean of two successive values for a2 was used as the diameter in the 
calculations. 
Fig. 9.2. Parabolic fit in pulmonary valve stenosis. 
Two selected and enlarged velocity flow profiles with a parabolic fit 
(dashed lines). The region above the horizontal dashed line repre-
sents the region of interest. 
X-axis: time between two profiles is 16 ms 
Y-axis: the 64 mulligate pulsed Doppler gates are indicated 
(1 gate = 0.6 mm) 
"Free scan" (F) 
Another way of fitting profiles with a parabola consisted of a method in 
which the concept of comparing two successive profiles was abandoned and 
all suitable parabolic profiles were taken to calculate the diameter (uncor-
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reeled for angle). The hard criteria of the tube experiments ("relational scan") 
were then partly ignored. All profiles meeting the criteria stated below were 
used to calculate a2. 
- The time of interest was between 64 ms and 192 ms. 
- The maximum velocity (ag) of a profile had to exceed 5.8 cm.s"1. 
- The reduced χ 2 had to be lower than or equal to 12 cm2.s"2 to be accepted 
as a suitable fit. 
The mean of the a2 values found, was used as diameter for one heart beat. 
Other automated methods 
As will be shown later on these parabola automated methods were not always 
comparable to the manual method, therefore other fitting procedures were 
examined. 
Looking at the profiles not only parabola-like profiles were noted but also 
double parabola with the two amplitudes in the same or in the opposite direc­
tion. These phenomena, mostly seen following an initial single parabola, will 
be discussed in the last paragraph of this chapter. See Fig. 9.3. 
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Fig. 9.3. Changing shape of velocity profiles into double parabola-like flow 
patterns. 
X-axis: time between two profiles is 16 ms 
Y-axis: the multigate pulsed Doppler gates are indicated 
(1 gate = 0.6 mm) 
Method I. 
In order to describe these phenomena a double parabola fit was developed 
based on the single parabola concept (see Fig. 9.4). The five parameters of 
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this double parabola with the two maxima (a,) in the same or opposite direc-
tion were: 
- description of the intersection of both parabola, 
- the width of both a2 values, 
- the maximum value of both a3 values. 
The sum of both a2 values multiplied by two was used as the width of the 
flow within one beat. 
Fig. 9.4. Double parabolic fit. 
Two selected and enlarged velocity flow profiles with a double para-
bolic fit (dashed lines). The region above the horizontal dashed line 
represents the region of interest. 
X-axis · time between two profiles is 16 ms 
Y-axis: the 64 multigate pulsed Doppler gates are indicated 
( 1 gate = 06 mm) 
Method 2. 
Also a combination of double parabola and single parabola fits in one method 
was developed. If a parabola could be fitted that measure was taken, other-
wise a double parabola had to be chosen. 
Method 3. 
Another method that was evaluated, was based on a part with high velocity of 
the velocity profile. The distance (number of multigate pulsed Doppler gates) 
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between р 7 Б - p 2 5 (interquartile range) was calculated in order to estimate the 
profile diameter. Besides, other percentiles of spatial velocity distribution 
were investigated. The 95th and 5th percentiles (p 9 6 - p6) are also indicated in 
Fig. 9.5. 
Fig. 9.5. Inter-quartile and another percentile range. 
Two selected and enlarged velocity flow profiles fitted with the 
inter-quartile range and the p9S - ps range: the ranges are indicated 
by arrows. The region above the horizontal dashed line represents the 
region of interest. 
X-axis: time between two profiles is 16 ms 
Y-axis: the 64 multigate pulsed Doppler gates are indicated 
(1 gate = 0.6 mm) 
Pre-screening automated fits 
After studying the first results of the automated fits it was tried to improve 
the automated methods. In contrast to the in vitro situation not every heart 
beat will give usable and recognizable profiles in children with pulmonary 
valve stenosis. To avoid difficulties in the automated fitting procedure, all the 
bad and disturbed multigate pulsed Doppler profiles were ignored; the expe­
rienced investigator (S) decided which profiles to eliminate. There existed an 
unscreened and a pre-screened (_S) version of all the types of methods used 
(automated and manual of T). 
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Results 
In Fig. 9.6 the root mean square difference (RMSD) calculated for all patients 
from the jet diameter on the angio and multigate pulsed Doppler diameters 
estimated by means of the different methods are visualised. A small RMSD 
value means a good correspondence with the diameter of the jet on the 
angiocardiogram. 
ANGIO JET - MPD JET 
rmsd 
rmsd (mm) 
8 Τ T-S Η R.S F F.S D/F_S Q_S 
methods 
Fig. 9.6. The root mean square difference (RMSD) between the angio jet 
diameter and the different methods of assessment of multigate pul­
sed Doppler diameter. 
S : manual method experienced investigator 
Τ .· manual method inexperienced investigator 
T_S : manual method T, pre-screened 
R : parabolic fit relational scan 
R_S : parabolic fit relational scan, pre-screened 
F : parabolic fit free scan 
F_S .· parabolic fit free scan, pre-screened 
D/F_S .· double or single parabola, free scan, pre-screened 
Q_S : interquartile range (p76-P2s)· pre-screened 
MPD .· multigate pulsed Doppler 
RMSD values of the double parabola were over 6 mm and are not depicted in 
this figure. Also the data of p 9 S - p 6 are not presented because there proved 
to be a large discrepancy with the jet diameter on the angiocardiogram. 
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The best agreement was found when the results of the experienced 
investigator were used for comparison. 
The RMSD of Τ was reduced and only acceptable if the same profiles were 
pre-screened (T_S). Of the automated fits the parabola algorithm fits seemed 
to fit better, especially after pre-screening (R_S and F_S). 
The combination of double and single parabola or the interquartile method 
was not acceptable even after pre-screening. An inaccuracy of 2 mm was the 
upper l imit of acceptance. 
ANGIO JET AND MPD METHODS 
four mpd methods 
diam (mm) 
2 3 4 5 6 7 8 9 10 11 12 13 14 
patient numbers 
I ANGIO JET [ • S C I ] T_S Wà R-S d i F_S 
pat.3,10,12.mpd flow not always measured 
Fig. 9.7. Four methods of multigate pulsed Doppler assessment of velocity 
flow diameter. 
S .· manual method experienced investigator 
T_S .· manual method inexperienced investigator, pre-screened 
R_S : parabolic fit relational scan, pre-screened 
F_S .· parabolic fit free scan, pre-screened 
MPD .· multigate pulsed Doppler 
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In Fig. 9.7 a selection of all individual measures of a special fit is presented. 
The data of S, T_S, R_S, and F_S are depicted with the mean of the jet 
diameter on the angio as a reference value. As can be seen no systematic con-
sistent difference exists between the jet diameter on the angiocardiogram and 
the manual method S. 
The R_S and F_S data shown in Fig. 9.7 are in better accordance with the 
data obtained by method S than those obtained by the D/F_S and the Q_S 
method, which are not depicted in Fig. 9.7. 
Discussion 
The three independent measurements of jet or ostium flow measurements on 
the cineangiocardiogram showed no systematic consistent difference. The 
largest difference between the measurements (j/o in table 9.1) is found in 
patient 2, while the smallest difference in measurement is seen if there is only 
ostium flow (patient 12). 
Differences between the estimations of the size of the catheter based on the 
angiocardiogram in the three measuring sessions (cat) are small and range 
between 0.0 mm and 0.5 mm, with a mean of 0.2 mm (SD 0.16). The larger 
deviation in ostium flow and jet diameter measurements, as compared to the 
catheter diameter measurements, is caused by the differences in contrast 
intensity on the film. The catheter can always better be seen on the film, 
because it is radiopaque by itself. 
A profile in an in vitro tube stenosis is different from the flow patterns in a 
patient with pulmonary valve stenosis. In a tube stenosis the site of origin of a 
jet is fixed as is the localisation of the multigate pulsed Doppler probe. In the 
patient, however, no fixed relation to the site of measurement is possible. 
Ventilation and movement of the heart change the position of the pulmonary 
artery with respect to the ultrasound beam (van Renterghem 1983). 
Not every heart beat will show appropriate profiles so extra beats are acquired 
to be sure of having a recognizable multigate pulsed Doppler velocity flow 
diameter. Disturbance of the profile caused by measurement through the right 
ventricular outflow tract, through valves, or not centrally through the velocity 
jet should be avoided. 
Disturbance of the profile at high velocity jets can be due to aliasing, then a 
primary parabola-like profile can change into a "double parabola". The 
highest velocity in the centre of the jet is too high and aliasing is the result. 
The aliasing effect is seen as an inversion of the velocity direction. Changing 
the parabolic profile is also the result of deceleration at the end of the systole. 
For all these reasons large numbers of profiles are needed in order to obtain a 
few usable ones. 
In spite of changing the "relational scan" (R) to a more "free scan" (F) no sub-
stantial improvements are seen. Using a double parabola fit with or without a 
single parabola fit does not alter the results. 
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The concept of calculating the inter-percentile range of the spatial velocity 
distribution looked promising, but especially in the not typical parabola-like 
flow patterns the borders for the percentiles are difficult to determine. The 
interquartile range is used as a "first-guess" and is not improved by other 
borders. 
In all algorithms better results are obtained after pre-screening the whole set 
of profiles by a person that has experience in multigate pulsed Doppler. By 
pre-screening it is possible to ignore bad profiles that "fool" the automated 
procedure. 
If the pre-screened data of the inexperienced investigator are compared to 
those of the experienced investigator, a measure more close to the jet 
diameter is acquired. The difference between the experienced and the 
inexperienced investigator is due to their respective ability to select profiles 
in which a jet is recognizable. A description of how a profile is selected is 
given in chapter 4. 
Conclusion 
It is concluded that the diameter of the jet appreciated on the lateral cine-
angiocardiogram can be measured non-invasively with multigate pulsed 
Doppler by an experienced investigator. 
The results of the automated method of fitting a velocity profile of patients 
are influenced by the fact that profile acquisition is sometimes difficult. 
Moreover disturbances inherent to the in vivo situation occur. The results are 
comparable to those obtained by an inexperienced investigator after pre-
screening. The parabola algorithm is promising in combination with pre-
screening, but until now automated procedures in vivo are less accurate than 
the appreciation of an experienced investigator. Further development of a 
better and possibly more complicated algorithm is advisable. In that case a 
large number of new patients will be required to test the new algorithm. 
108 
CHAPTER 10 
A COMPARISON OF ORIFICE DIAMETER ESTIMATION WITH THE 
FOUR DIFFERENT METHODS IN CHILDREN WITH PULMONARY 
VALVE STENOSIS - FINAL CONCLUSIONS 
The aim of this study was to find answers to the three questions, as formula-
ted in chapter 1. Determination of the severity of a pulmonary valve stenosis 
with multigate pulsed Doppler was not the subject of this investigation. The 
three questions were: 
- Is the jet phenomenon measured with multigate pulsed Doppler the same as 
the one seen on the angiocardiogram? 
- What is the degree of agreement between the jet diameter on the angiocar-
diogram, the multigate pulsed Doppler jet diameter, the hydrodynamically 
estimated diameter and the measurement of the orifice at operation? 
- Is it possible to determine the ostium flow or jet diameter with a comput-
erised automated procedure in order to obtain an objective, observer inde-
pendent estimate? 
As to the question concerning the prospects of developing a computerised 
automated procedure, the outcome was presented in chapter 9. In the chapters 
5, 6, and 7 the relation between jet diameter and orifice diameter measured at 
operation was discussed. 
In this chapter the results of the following four methods to determine the 
diameter of the orifice are compared: jet diameter measurement on the 
angiocardiogram, multigate pulsed Doppler measurement of the jet diameter, 
hydrodynamically estimated diameter of the orifice, and orifice diameter 
measurement at operation. 
The results presented in this chapter complete this investigation and final 
conclusions are drawn. 
The following headings are used in this chapter: 
- patients, 
- techniques used to determine orifice widths, 
- results, 
- discussion, 
- final conclusion. 
Patients 
In total twenty-five children with the diagnosis pulmonary valve stenosis 
without ventricular septal defect were investigated. Thirteen of these patients 
were boys and twelve were girls; their age ranged from two weeks to thirteen 
years. Ten children have already been discussed in chapter 7 (the results 
obtained from one child mentioned in chapter 7 could not be used since no 
catheterisation was performed). The other fifteen children were either 
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discussed in chapter 7 or will be discussed in this chapter. Only nineteen out 
of these twenty-five children were operated. The time delay between cath-
eterisation and operation ranged between 0.5 months and 1.9 years (mean 0.4 
years). 
Pulmonary valve stenosis had been diagnosed by a paediatric cardiologist at 
the outpatient department or at the time of clinical admission. The indication 
for operation was not only based upon the results obtained at catheterisation, 
but also upon the complaints of the children involved. The pulmonary valve 
stenosis was considered to be severe in case of an RV/LV ratio > 1, and mild 
to moderate in case of an RV/LV ratio < 1. 
The following main criteria for patients to enter the protocol were used. 
- A pulmonary valve stenosis without ventricular septal defect had to be con-
firmed by catheterisation in order to be sure of an indication for operation. 
- A pulmonary valve stenosis with a patent foramen ovale (with or without 
shunting) or atrial septal defect was included in this investigation. Inciden-
tally an atrial septal defect of the primum type, a partially aberrant pul-
monary vein, and aortic and mitral valve regurgitation were also included 
provided that these disorders were of minor haemodynamic importance. An 
atrial septal defect of the secundum type with a gradient of more than 15 
mmHg across the valve was considered to be associated with a pulmonary 
valve stenosis. These patients were included in the study. 
- Age and weight had to be suitable for reaching the pulmonary artery with a 
5 MHz echo Doppler probe. In case of older children only lean children 
could be investigated because of the limits of the method used, as described 
in chapter 4. In the ten children mentioned in chapter 7 no hydrodynamic 
area estimates according to Gorlin & Gorlin and Bache were available. 
Techniques used to determine orifice widths 
The concept of a more or less circular orifice area has to be accepted when 
one wants to use the area diameter as a measure, otherwise no representative 
diameter can be calculated. In literature this aspect has been discussed by 
Utley and Roe (1973), Glenn (1975) and Anderson et al. (1988). In this chap-
ter the following techniques used to determine orifice widths are briefly 
described. For more detailed information the reader is referred to chapter 4. 
Jet diameter measurement on the angiocardiogram 
As discussed before, with multigate pulsed Doppler the same jet phenomenon 
is measured as is seen on the angiocardiogram (chapter 7). Therefore, the 
phenomenon on the angiocardiogram i.e. the angio jet diameter was used as a 
reference. The mean of three independent measurements was used as measure 
in further comparisons. 
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Multigate pulsed Doppler measurement of the jet diameter 
The manual fits of the experienced investigator were used for comparison 
with the other methods. The presentation of the recorded profiles obtained 
from the first ten children (chapter 7) was somewhat different from those 
obtained from the other fifteen patients. In the first ten children the diameter 
of the profiles was estimated from a polaroid picture. The mean diameter of 
the profiles during one heart beat was used as the diameter during that beat. 
The mean value of three heart beats was used as the diameter of that particu-
lar patient. In each of the other fifteen children five (or less) heart beats were 
used to calculate the median value in that particular patient. 
Hydrodynamically estimated diameter of the orifice 
The Gorlin & Gorlin formula was used as well as the two formulas of Bache. 
In pulmonary valve stenosis the orifice diameter can be calculated from the 
area, on the assumption that the orifice area is circular (Gorlin & Gorlin 
1951; Anderson et al. 1988). 
Orifice diameter measurement at operation 
The measure of the probe represents the diameter which means that only one 
measure is present. 
Results 
Patients 
The characteristics of twenty-five patients with pulmonary valve stenosis 
without a ventricular septal defect are listed in table 10.1 including the data 
concerning RV/LV ratio, sex, reference diameter, and diagnosis. They are 
ranged in order of RV/LV ratio as a criterion of severity of the disease. Eight 
children had severe pulmonary valve stenosis (RV/LV > 1). 
Reference values of pulmonary valve diameter derived from Schulz and 
Giordano (1962) are listed to compare with the stenoses. 
Jet diameter measurement on the angiocardiogram 
In all children the jet diameter on the angiocardiogram is appreciated at three 
different independent moments in time and the SD and the range of SD's 
from these data are also comparable. As shown before, the degree of con-
formity between the diameters estimated from the jet on the angiocardiogram 
and those measured with the multigate pulsed Doppler system is considerable. 
The results are listed in chapter 7 and 9. 
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Table 10.1. Presentation of the children involved 
pat nr RV/LV sex ref diam diagnoses 
ch7 chIO ratio (im) 
1 ΟΛΟ Η 18.2 
2 0Λ5 F H.О 
3 0ЛВ F 16.6 
4 0.50 F 18.1 
1* 0.53 F 13.7 
2* 0.57 F 10.4 
5 0.57 F 16.5 
6 0.60 M 15.2 
3* 0.64 H H.3 
7 0.65 M 9.0 
4* 0.69 M 15.7 
5* 0.70 И 13.2 
6* 0.70 F 10.1 
8 0.77 F 11.5 
9 0.86 H 13.1 
10 0.94 M 15.1 
11 0.95 F 11.5 
12 1.00 F 13.4 
13 1.00 H 13.4 
7* 1.00 M 12.6 
8* 1.14 H 14.1 
9* 1.17 M 7.2 
14 1.21 F 14.0 
15 1.53 F 14.0 
10* 1.60 И 7.3 
pat nr = patient number 
ch7 = patient mentioned in chapter 7 
eh 10 = patient mentioned in chapter 10 
RV/LV ratio = ratio of right ventricular and left ventricular systolic pressure 
sex M = male 
sex F = female 
ref diam = reference diameter of pulmonary valve ring at time of 
catheterisation 
PVS = pulmonary valve stenosis 
PFO = patent foramen ovale 
NOO = Noonan's syndrome 
AOR « aortic valve regurgitation 
MR = mitral valve regurgitation 
TR = tricuspid valve regurgitation 
ASD = atrial septal defect 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
PVS 
NOO 
PFO 
ASD 
ASD 
PFO 
NOO 
NOO 
PFO 
PFO 
ASO 
PFO 
ASD 
PFO 
PFO 
PFO 
NOO 
PFO 
NOO 
PFO 
AOR 
PFO 
PFO 
HR 
TR 
PFO 
PFO 
112 
Multigate pulsed Doppler diameter measurement 
The results of the multigate pulsed Doppler measurements and their compari­
son with the jet diameter on the lateral angiogram were also described in 
chapter 7. The SD of the multigate pulsed Doppler values ranged from 0.2 
mm to 0.8 mm in the first ten children (chapter 7) and from 0.2 mm to 0.9 
mm in the other nine. In Fig. 10.1 the angiographic and the multigate pulsed 
Doppler measurements from all children involved are presented. 
Hydrodynamically estimated diameter of the orifice 
As the data of orifice area calculation were derived from eighteen mean pres­
sure curves of separately recorded pulmonary artery and right ventricular 
pressure curves, the difference in R-R interval between both pressure curves 
may cause some discrepancies. The difference in the mean R-R interval of 
eighteen curves between the right ventricle and pulmonary artery ranged 
from -90 ms to +70 ms, while the mean difference was -13 ms. The calcu­
lated root mean square difference (RMSD) was 44 ms. 
ANGIO AND MPD DIAMETER 
all ch i ldren 
diam (mm) 
1 2 3 4 1* 2* 5 6 3* 7 4· 5* 6* 8 9 10 11 12 13 7· 8* 9· 14 1510· 
patient numbers 
angio jet diameter ШШ MPD diameter 
• patients from chapter 7 
Fig. 10.1. Comparison of jet flow diameters derived from diameter measure­
ments of the jet on the angiocardiogram and from multigate pulsed 
Doppler (MPD) diameter measurements. 
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When using the Q-wave of the QRS-complex as the starting point of the 
superimposed pressure curves, this difference in curve length was noticeable 
in diastole, while the duration of systole had hardly any influence. 
The outcome of the three formulas in each indivual patient is depicted in Fig. 
10.2. In patient 9 cardiac output was not assessed. 
OSTIUM AREA DIAMETER 
three methods 
18 
16 
14 
12 
10 
diam (mm) 
б! 
2І 
0 
ti 
η 
fij. 
Gorlin & Gorlin 
patient numbers 
Bache max SG I I Bache PPSG 
pat.9: no catheterlsatlon performed 
Fig. 10.2. Three hydrodynamic methods to calculate orifice area. 
Gorlin & Gorlin = mean pressure drop 
Bache max SG = maximum instantaneous systolic pressure drop 
Bache PPSG = peak-to-peak systolic pressure drop 
Of all three calculations the orifice diameter derived from the Gorlin & 
Gorlin formula was the largest, as compared to the outcome of both Bache's 
formulas. The Bache peak-to-peak systolic drop (PPSG)-diameter was the 
smallest, as compared to the other formulas using more physiological esti­
mations of the pressure drop. The Gorlin & Gorlin outcome was used as a 
measure in further comparisons, because of its general acceptance in clinical 
use. 
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Orifice diameter measurement at operation 
In table 10.2 the results are listed with specifications of the valve shapes and 
of the types of operation. All ten children described in chapter 7 and nine 
children described in this chapter were operated. Of those nineteen operated 
children only two had bicuspid pulmonary valves, while five had thickened 
immobile valves or dysplastic valves. These five underwent valvectomy. 
In children with an RV/LV ratio of 0.94 or more a higher degree of con-
formity was found to exist between the diameter estimated from the jet on 
the cineangiocardiogram and the diameter measured at the time of operation 
as compared to children with lower RV/LV ratio's. Patient 15 was an excep-
tion. She had a Noonan's syndrome with dysplastic valves but nevertheless a 
well-developed jet flow was seen on the cineangiocardiogram. 
Comparison of the four different methods 
In table 10.3 all data assessed with the different methods of investigation are 
presented while in table 10.4 the mean difference of each method with the jet 
on the cineangiocardiogram is presented. The coefficient of repeatability (i.e. 
2 SD of the differences) has also been calculated (Bland & Altman 1986). 
When calculating the data of all children for the different items, it is found 
that the mean difference of "multigate pulsed Doppler minus angio" is small 
as well as the coefficient of repeatability. The data of "Gorlin & Gorlin minus 
angio" and "operation minus angio" show a coefficient of repeatability of more 
than 6 and 7 mm, respectively. 
When the patients are divided into two groups, one with an RV/LV ratio < 1 
and one with a RV/LV ratio > 1, especially the results in the latter group are 
more consistent. The coefficient of repeatability for all methods is smaller in 
severe pulmonary valve stenosis (RV/LV ratio > 1) than in cases of mild to 
moderate pulmonary valve stenosis (RV/LV ratio < 1). In severe pulmonary 
valve stenosis mean differences are within acceptable ranges. In the mild to 
moderate pulmonary valve stenosis the surgeon's measure of the orifice 
differs substantially from the measurements with the other methods. 
The mean difference of "operation minus Gorlin & Gorlin" is presented in 
table 10.4 also. In severe pulmonary valve stenosis this difference tends to be 
smaller than in mild to moderate pulmonary valve stenosis. However, the 
number of data is too small to draw a definite conclusion. 
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Table 10.2. Operated children 
pat nr 
ch7 chIO 
1* 
2* 
5 
3* 
4* 
5* 
6* 
8 
9 
10 
11 
1Z 
13 
7* 
8* 
9*! 
H 
15 
10* 
RV/LV 
ratio 
0.53 
0.57 
0.57 
0.64 
0.69 
0.70 
0.70 
0.77 
0.86 
0.94 
0.95 
1.00 
1.00 
1.00 
1.14 
1.17 
1.21 
1.53 
1.60 
engio jet 
dien 
(um) 
4.9 
5.2 
11.0 
3.7 
6.5 
7.0 
3.5 
6.0 
4.0 
12.1 
5.7 
6.3 
5.2 
5.1 
5.2 
4.2 (MPD) 
6.1 
6.2 
3.0 
oper 
di am 
(nm> 
12 
11 
17 
11 
12 
11 
ref 
di am 
14.7 
10.6 
19.6 
14.3 
16.3 
14.1 
10.2 
11.5 
13.1 
15.2 
11.5 
13.7 
13.9 
12.7 
14.2 
8.6 
14.3 
14.0 
9.2 
valve 
shape 
TRI 
TRI 
BI 
TRI 
TRI 
TRI 
-
TRI 
TRI 
BI 
TRI 
TRI 
TRI 
TRI 
TRI 
TRI 
TRI 
TRI 
TRI 
operation 
type 
VT 
VT 
VT 
VT 
VT 
VT 
VE 
VT 
VT 
VT 
VE 
VE 
VT 
VT 
VT 
VT 
VT 
VE 
VE 
ι : in patient 9* the MPD diameter value was taken instead of the angiojet 
diameter 
pat nr = patient number 
ch7 = patient mentioned in chapter 7 
chIO = patient mentioned in chapter 10 
RV/LV ratio = ratio of right ventricular and left ventricular systolic 
pressure 
angio jet diam = diameter measured on the angio jet 
oper diam = diameter measured at operation 
ref diam = reference diameter of pulmonary valve ring at time of 
operation 
TRI = tricuspid 
BI = bicuspid 
» unknown 
VT ш valvotomy of pulmonary valve 
VE = vulvectomy of pulmonary valve 
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Table 10.3. Four methods to measure orifice diameter 
pat nr 
ch7 chIO 
RV/LV 
ratio 
diameter (nm) 
G&G angio MPO oper 
1* 
2* 
4* 
5* 
6* 
7* 
8* 
9* 
10* 
8 
9 
10 
11 
12 
13 
14 
15 
0.40 
0.45 
0.48 
0.50 
0.53 
0.57 
0.57 
.60 
.64 
.65 
.69 
.70 
.70 
.77 
.86 
.94 
.95 
1.00 
1.00 
1.00 
1.14 
1.17 
1.21 
1.53 
1.60 
15.7 
9.3 
9.6 
10.0 
10.3 
8.4 
3.5 
4.9 
10.2 
4.7 
6.0 
5.5 
8.4 
4.9 
9.0 
6.3 
7.0 
6.6 
4.9 
5.2 
11.0 
16.1 
3.7 
5. 
6. 
7. 
3. 
6. 
4. 
12.1 
5.7 
6.3 
5.2 
5.1 
5.2 
6.1 
6.2 
3.0 
9.5 
6.3 
7.3 
5.8 
4.9 
6.3 
10.6 
14.1 
4.4 
5.6 
7.3 
3.1 
6.0 
4.4 
11.1 
5.7 
5.4 
5.8 
5.5 
4.2 
5.1 
6.4 
4.1 
12 
11 
17 
11 
12 
9 
6 
9 
6 
11 
6 
6 
7 
6 
5 
4 
7 
3 
3 
pat nr = patient number 
ch7 = patient mentioned in chapter 7 
chIO = patient mentioned in chapter 10 
RV/LV ratio » ratio of right ventricular and ¡eft ventricular systolic pressure 
G&G = diameter as determined hydrodynamically according to 
Gorlin ά Gorlin 
angio = jet on cineangiocardiogram 
MPD « multigate pulsed Doppler 
oper * probe diameter at operation 
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Table 10.4. Comparison of orifice diameter with angio diameter and of 
Gorlin & Gorlin diameter with diameter at operation 
method 
MPO minus angio 
G&G minus angio 
open minus angio 
oper minus G&G 
all 
η 
22 
Η 
18 
-
children 
mean di ff 
(m) 
O.W 
0.16 
2.23 
-
2 SD 
(um) 
1.43 
6.52 
7.35 
-
chi Idren wi 
RV/LV < 1 
η 
16 
10 
11 
4 
mean di 
(mn) 
-0.04 
0.12 
3.67 
3.22 
th 
ff 2 SD 
(mm) 
1.46 
7.57 
9.11 
5.38 
chi Idren wi 
RV/LV > 1 
η 
6 
4 
7· 
4 
mean di 
(mm) 
0.25 
0.25 
0.11 
-0.45 
th 
ff 2 SD 
(nrn) 
1.37 
2.68 
2.95 
3.72 
* in patient 9* the MPD diameter value was taken instead of the angiojet 
diameter 
RV/LV ratio = ratio of right ventricular and left ventricular systolic pressure 
G&G = diameter as determined hydrodynamically according to 
Gorlin ά Gorlin 
angio = jet on cineangiocardiogram 
oper = probe diameter at operation 
MPD = multigate pulsed Doppler 
η = number of patients 
mean diff = mean difference 
2 SD = coefficient of repeatability 
In Fig. 10.3.A and 10.3.В the four diameter estimates of all operated children, 
subdivided by means of their RV/LV ratio, are presented. In all children 
mentioned in chapter 7 the Gorlin & Gorlin diameter is lacking as this 
measure was not included in that investigation. These data indicate that angio 
jet diameter and multigate pulsed Doppler diameter are in the same range. 
The Gorlin & Gorlin diameter of the operated children, however, does not 
correspond with the angio jet diameter or with the diameter at operation. In 
seven out of ten children, starting from child 10, a good correspondence is 
observed between the angio jet diameter and the diameter measured at opera­
tion. 
In the Fig. 10.4.A and 10.4.B the diameters at operation, and the multigate 
pulsed Doppler diameters are depicted together with the reference diameter 
(derived from Schulz & Giordano 1962), as calculated from the internal cir­
cumference related to height and age. 
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diam (mm) 
3* 4* 5* 6* 8 
patient numbers 
8* 9· 
patient numbers 
^Ш anglo jet dlam 
I I G&G area dlam 
MPD dlam 
operation dlam 
patients from chapter 7 
Fig. 10.3. Comparison of four orifice diameters of operated children. 
A: with mild to moderate pulmonary valve stenosis (RV/LV < 1). 
B: with severe pulmonary valve stenosis (RV/LV > 1). 
angio jet diam = diameter of jet on angiocardiogram 
MPD diam = diameter of jet flow measured with multigate pulsed 
Doppler 
G & G diam = diameter as determined hydrodynamically according 
to Gorlin ά Gorlin 
operation diam = probe diameter at operation 
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• patiente trom chapter 7 
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Fig. 10.4. Comparison of diameter at operation (probe measurement) with 
multigate pulsed Doppler (MPD) diameter of the jet flow. 
A: in mild to moderate pulmonary valve stenosis (RV/LV < 1 ) . 
B: in severe pulmonary valve stenosis (RV/LV > 1). 
The reference diameter is derived from the data of Schulz & Giordano 
(1962) and based on height and age. 
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There is no correlation between RV/LV ratio and multigate pulsed Doppler 
jet diameter (r = - 0.32; NS; η = 23). 
The correlation between RV/LV ratio and operation diameter is significant 
(r = - 80; ρ = 0.0001; η = 19). 
Calculating the linear regression the following formula is obtained with a 
coefficient of determination (R2) of 0.65 (see also Fig. 10.5.A): 
RV/LV = A χ operation diameter + В 
in which A = - 0.067 ± 0.01 (p = 0.0001) and В = 1.47 ± 0.1 (p = 0.0001). 
Another way of expressing the remaining orifice in pulmonary valve stenosis 
is calculating the percental reduction of the orifice diameter i.e. the 
difference of the reference diameter and the obtained diameter divided by 
the reference diameter (Schulz & Giordano 1962) χ 100 %. There is no 
correlation between RV/LV ratio and reduced orifice diameter obtained with 
multigate pulsed Doppler. A good correlation, however, exists between 
RV/LV ratio and the percental reduction of operation diameter (r = 0.86; ρ = 
0.0001; η - 19). 
Calculating the linear regression the following formula is obtained with a 
coefficient of determination (R2) of 0.76 (see also Fig. 10.5.B).· 
RV/LV = A χ operation diameter + В 
in which A = 0.012 ± 0.01 (p = 0.0001) and В - 0.42 ± 0.08 (p = 0.0001). 
At glance an inversely proportional relation of the RV/LV ratio and the 
diameter at operation was assumed. Therefore the linear relation between the 
LV/RV ratio and this measure was investigated. The correlation is also sig­
nificant (r = 0.84; ρ = 0.0001; η = 19). Calculating the linear regression the 
following formula is obtained with a coefficient of determination (R2) of 
0.70: 
LV/RV = A χ operation diameter + В 
in which A = 0.086 ± 0.01 (p = 0.0005) and В = 0.5 ± 0.1 (p = 0.0001). 
There is no correlation between LV/RV ratio and multigate pulsed Doppler 
jet diameter. A good correlation exists between LV/RV ratio and the percen­
tal reduction of operation diameter (r= - 0.89; ρ = 0.0001; η = 19). 
Again assuming an inversely proportional relation the calculation of linear 
regression gives the following formula with a coefficient of determination 
(R2) of 0.80: 
LV/RV = A χ operation diameter + В 
in which A = - 0.015 ± 0.002 (p = 0.0001) and В = 1.83 ± 0.09 (p = 0.0001). 
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Fig. 10.5. 
Α. Relation RV/LV ratio and operation diameter. 
В. Relation RV/LV ratio and percental reduction of orifice diameter. 
RV/LV ratio = ratio of right ventricular and left ventricular systolic 
pressure 
oper-diam = operation diameter 
oper-diam-red = percental reduction of orifice diameter 
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Discussion 
The children with pulmonary valve stenosis described in chapter 7, can be 
grouped together with the other fifteen in order to obtain a larger group of 
children (25). The method of appreciation of the multigate pulsed Doppler 
velocity flow jet diameter is comparable in all children, while the SD and the 
range of SD's of the ten and fifteen children are very similar. 
At the time of operation in all cases the surgeon used the same probing 
method for diameter measurement. The probing is not influenced by the out-
come of the jet and the multigate pulsed Doppler diameter measurement. The 
mean time delay between catheterisation and operation is about the same in 
both groups. However, in two children (1* and 5*) the delay was longer, 
namely 23 and 20 months, respectively. 
Only in fourteen children calculation of the orifice area according to the 
Gorlin & Gorlin method was possible. Concerning the estimation of pulmon-
ary blood flow no direct comparison with other methods is available. 
The choice of the Gorlin & Gorlin formula is based on its "originality", while 
the two Bache formulas are derived from Gorlin & Gorlin. 
A discrepancy introduced by the pull-back curves obtained in our investiga-
tion, could be the R-R time difference between both curves. Due to the fact 
that the pressure curves of the pulmonary artery and the right ventricle were 
recorded at different moments, differences in heart rate were inevitable. The 
difference between these R-R intervals may hardly have any influence on the 
systolic ejection period and the calculated mean gradient. In this thesis these 
differences were neglectable when orifice area calculation was concerned. 
The jet diameters on the angiogram, the multigate pulsed Doppler derived 
diameters of the jet and the diameters, as determined hydrodynamically 
according to Gorlin & Gorlin, represent the functional diameter of the ostium 
flow. The measure established at operation more or less represents the ana-
tomical diameter. As the probe is circular only a circular diameter is obtained. 
The probes ranged one mm in difference, so in theory the surgeon 
appreciated the orifice diameter somewhat smaller (with a maximum dif-
ference of 0.9 mm) as compared to the "real" diameter. Stretching of the 
valves had to be avoided. 
The reason why in cases of mild to moderate pulmonary valve stenosis the SD 
of the "Gorlin & Gorlin minus angio" is larger than in those with severe pul-
monary valve stenosis is not completely understood. Perhaps a smaller pressu-
re drop will give rise to a discrepancy between the calculated hydrodynamic 
orifice and the visualised orifice on the angiocardiogram. Berman et al. (1978) 
found a correlation between angiographic measured orifice area and calcu-
lated Bache area of 0.80, but did not classify pulmonary valve stenosis ac-
cording to severity. 
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As can be concluded from the data presented in the tables 10.3 and 10.4, and 
the Fig. 10.3 and J 0.4, dividing the children into severe (RV/LV > 1) and 
mild to moderate pulmonary valve stenosis (RV/LV < 1) is relevant when the 
different methods are compared. 
In all children the diameter of the jet on the angiocardiogram and the multi-
gate pulsed Doppler diameter of the ostium flow are in good agreement. The 
coefficient of repeatability is smaller in cases of severe pulmonary valve 
stenosis than in those of mild to moderate pulmonary valve stenosis, albeit 
that some exceptions are present. In order to predict the orifice diameter the 
Gorlin & Gorlin method is less suitable than the multigate pulsed Doppler 
method, as far as the comparison with the jet on the cineangiocardiogram is 
concerned. In individual children some discrepancies are present. 
Comparison of the coefficient of repeatability shows that in severe pulmonary 
valve stenosis the measure of the surgeon is closer to the angio diameter than 
in less severe cases. The coefficient of repeatability in severe pulmonary valve 
stenosis, however, is still about 3 mm. 
In mild to moderate pulmonary valve stenosis nearly always a larger area is 
measured by the surgeon, which is in agreement with the findings of Puyau et 
al. (1968). This supports the concept of the difference between the anatomical 
and the physiological opening (Daniels et al. 1986b; Gorlin 1987). 
The individual outcome of children with dysplastic valves with or without a 
Noonan's syndrome is unpredictable. Even at operation a larger orifice dia-
meter (patient 4*) or a smaller one (patient 15) could be measured. In all 
cases, in which valvectomy was performed, thick immobile valves were 
present and valvotomy alone could not relieve the stenosis. 
As was explained in chapter 1 it was not the intention of this thesis to inves-
tigate whether the severity of a pulmonary valve stenosis could be predicted 
by multigate pulsed Doppler investigation. To a clinician, however, this ques-
tion is interesting and the answer could be important in the clinical setting. If 
the jet diameter does not correlate with all data obtained by the surgeon, what 
will then be the relation of the rate of severity (RV/LV ratio) with the diam-
eter measured with multigate pulsed Doppler or with the diameter measured 
at operation? 
There is no correlation between RV/LV ratio and jet diameter. There is even 
no correlation between the rate of severity and the percental reduction of the 
jet diameter measured with multigate pulsed Doppler. 
A good correlation (r = - 80) exists between the RV/LV ratio and the 
measurement of the diameter at operation, while even a better correlation can 
be observed when the measure of the surgeon is expressed as the percental re-
duction of the orifice diameter (r = 0.86). See Fig. 10.5.A & B. 
If an inversed relation is assumed between RV/LV ratio and the measure of 
the surgeon the calculated correlations are slightly better. 
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Campbell (1960) investigated the relationship between the right ventricular 
systolic pressure and the pulmonary valve area calculated from the Gorlin & 
Gorlin formula. If the pulmonary valve area is reduced from 4.0 cm2 to 1.0 
cm2 the right ventricular pressure rises very little, but pressure rises in-
creasingly fast when the area is reduced to 0.5 cm2 (i.e. 87.5 % area reduction 
and 65 % diameter reduction), assuming normal pulmonary flow. In that case 
the curve becomes asymptotic. 
Also Mercer (1975) described only small pressure elevation in case of an ori-
fice area reduction of 50 %, while at a reduction of 75 % the pressure causes 
an appreciable degree of cardiac stress. 
The results of the investigated children (Fig. 10.5.A & B) contain only two 
cases in which a percental area reduction of more than 65 % existed. As a 
consequence the RV/LV ratio in these cases was more than 1.50. 
In conclusion there exists a good correlation between RV/LV (or LV/RV) 
ratio and the measure of the surgeon. However, the relation may not be 
strictly linear. Too less data are available in the more severe range (RV/LV 
ratio > 1.50) to calculate for instance a supposed hyperbolic function. 
There is no correlation between the severity of a pulmonary valve stenosis 
and multigate pulsed Doppler jet diameter measurement. As a consequence no 
degree of severity of the stenosis can be determined with multigate pulsed 
Doppler diameter measurement. 
Final conclusion 
As to the question whether the phenomenon measured with multigate pulsed 
Doppler is the same as is seen on the angiocardiogram the answer is positive 
and the following remarks can be made. 
In children with pulmonary valve stenosis the jet emerging from the stenotic 
valve can be visualised on the angiocardiogram after injection of contrast into 
the right ventricle. The jet diameter is assumed to represent the size of the 
orifice. When no multigate pulsed Doppler was available, catheterisation was 
always necessary to visualise the jet diameter just downstream from the ste-
otic valve. In this thesis it is shown that non-invasive measurement of a jet 
with multigate pulsed Doppler is as consistent as the invasive measurement by 
angiocardiography. The diameter of the jet measured on the lateral (cine) 
angiocardiogram is of the same size as the multigate pulsed Doppler cross-
sectional flow profile. The results with multigate pulsed Doppler and cine-
angiography are identical for all children with pulmonary valve stenosis 
independent of the severity of the stenosis. 
An unambiguous answer to the question concerning the conformity of the 
results obtained with these four different methods to determine orifice 
diameters can not be given. Determinations of orifice diameter by jet 
measurement (with angio or multigate pulsed Doppler) and hydrodynamic 
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orifice diameter calculation according to the formulas of Gorlin & Gorlin and 
Bache do not present identical results. No definite conclusion can be drawn 
concerning the most reliable method. 
This functional orifice diameter does not always correspond with the anato-
mical diameter. The latter is the fixed maximal aperture measured at the time 
of surgery. With a probe the area is artificially made circular in cases of a 
mild to moderate disease. In severe pulmonary valve stenosis (RV/LV > 1) 
the orifice is circular already and therefore the measure with a probe at oper-
ation is in better agreement with the non-invasively measured diameter. 
In case of mild to moderate pulmonary valve stenosis (RV/LV <1) measure at 
operation is generally larger than the functional opening. When correlations 
are calculated between RV/LV ratio and measurement of the aperture at 
operation a good correlation is found. The correlation, however, between 
RV/LV ratio and multigate pulsed Doppler jet diameter measurement is not 
significant at all. This phenomenon is not completely understood. The func-
tional area possibly allows blood flow passage without reaching the maximal 
possible aperture and without a high right ventricular pressure. In severe 
pulmonary valve stenosis, however, the functional opening will probably be 
equal to the maximal anatomical opening with a high pressure in the right 
ventricle as a consequence. 
In clinical practice this means that after measuring the jet diameter non-
invasively with multigate pulsed Doppler no conclusions can be drawn about 
the severity of the pulmonary valve stenosis or consequently about operation 
indication. 
The third question concerns the prospect to determine the ostium flow or jet 
flow diameter with an automated procedure in order to obtain an objective 
estimate. Until now the measurement of the multigate pulsed Doppler diam-
eter has been observer-dependent. However, the automated algorithm of the 
parabola concept has proven its reliability especially in the in vitro situation. 
In children with pulmonary valve stenosis a major problem of automated 
appreciation of a jet profile diameter concerns the instability that occurs 
when flow patterns are sampled; this instability is caused by respiration and 
heart beat movements. The results were improved when the profiles were pre-
screened by the experienced investigator. A revised algorithm based on the 
parabola concept in combination with pre-screening will probably present 
better results. 
With the introduction of colour coded Doppler techniques a method is present 
to visualise the jet after "proper adjustment" of the colour imager. Not only 
the direction of the jet can be appreciated but also the diameter. Regarding 
the results in this study concerning anatomical and functional opening, it can 
be expected that the same problems will arise, when predicting severity from 
flow diameter measurements. 
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SUMMARY 
In children with pulmonary valve stenosis a jet flow in the pulmonary artery 
can be visualised with angiocardiography. 
The aim of this study was to find answers to the following three questions 
concerning blood flow through the stenosed valves. 
1. Is the jet phenomenon measured with multigate pulsed Doppler the same as 
the one seen on the angiocardiogram? 
2. What is the degree of agreement between four different methods to deter-
mine the jet diameter or ostium flow diameter in children with congenital 
pulmonary valve stenosis? 
These four methods are: 
- measurement of the jet diameter on the angiocardiogram, 
- measurement of the jet or ostium flow diameter with multigate pulsed 
Doppler, 
- hydrodynamic area and diameter calculation, 
- orifice diameter measurement at operation. 
3. Is it possible to determine the ostium flow or jet flow diameter with a 
computerised automated procedure in order to obtain an objective, 
observer-independent estimate? 
It was not the primary intention of this thesis to define or predict the severity 
of a pulmonary valve stenosis using multigate pulsed Doppler. However, as 
the jet is produced by stenotic valve leaflets, the jet diameter was assumed to 
be related to the stenotic orifice. The non-invasive appreciation of the jet 
phenomenon would present an advantage compared to the invasive obser-
vations of this phenomenon at angiocardiography. 
The starting point of this thesis was a case report on one infant with 
pulmonary valve stenosis (see chapter 5). In this case the diameter of the jet 
determined with multigate pulsed Doppler was in good accordance with the 
measurement of the orifice at the time of operation. 
To get a better insight into the nature of congenital pulmonary valve stenosis 
the literature was studied on the history, on the signs at physical examination, 
and on the laboratory findings in this disease. It is clear that congenital 
pulmonary valve stenosis is not a rare disease: it has an incidence of 8 - 10% 
of all congenital heart diseases. 
At the time of heart catheterisation the severity of the pulmonary valve 
stenosis is expressed as the systolic pressure ratio in right and left ventricle 
(or brachial artery): the RV/LV ratio. 
The following classification of pulmonary valve stenoses was introduced in 
this study: 
mild moderate severe 
RV/LV < 0.5 0.5 < RV/LV < 1 RV/LV > 1 
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With the multigate pulsed Doppler system the jet flow can be measured non-
invasively. The advantage of the multigate pulsed Doppler system is that it 
presents the possibility to appreciate instantaneous flow velocities at different 
depths across a vessel so a velocity flow profile can be composed. 
With the multigate pulsed Doppler situated on the M-line of an ATL Mark V 
two-dimensional sector scanner, the gates can be moved to the region of 
interest and the site of measurement can be appreciated. The 64 sample 
volumes along the M-line represent a length of 64 χ 0.6 = 38.4 mm. The 
number of sample volumes measuring high velocities represent the uncor­
rected jet diameter. After correction for the angle between ultrasound beam 
and jet flow direction the diameter can be calculated. 
An in vitro experiment was executed in order to obtain more information 
concerning the properties of the multigate pulsed Doppler system when 
stenoses are measured. A pulsatile flow model was constructed in which three 
different circular stenosis diameters could be applicated one at a time. With 
multigate pulsed Doppler the diameter of the jet flow was measured at dif­
ferent Reynolds numbers and at various distances downstream from the 
stenotic orifice. Observing the multigate pulsed Doppler flow patterns a para­
bolic profile was recognized. Based on a parabolic concept an algorithm for 
automated estimation of the width of a jet stream originating from a stenosis 
was developed and tested in vitro. The jet flow diameters can be detected and 
succesfully measured with this automated parabola model. 
Systolic pressure drops depend on the definition of the drop (mean, maximum 
or peak-to-peak), on the severity of the stenosis and on cardiac output. In 
this study heart catheterisation was performed to investigate the jet on the 
(cine)angiocardiogram, to calculate the orifice area diameter and to determine 
the RV/LV ratio. 
The orifice diameter was calculated using four different methods. 
1. The jet diameter was measured on the (cine)angiocardiogram using the 
measured and real catheter diameter to calculate the magnifying factor. On 
three independent measurements the jet diameter or ostium flow diameter 
(when no jet was clearly visable) was calculated and the mean was used in 
calculations. 
2. With multigate pulsed Doppler the jet diameter was measured in the 
velocity profile. The ultrasound beam crossed the jet in a nearly perpen­
dicular angle. The normal flow velocity in the pulmonary artery is low 
whereas the jet has a high velocity and will be seen as a parabola-like 
deflection. The diameter of this deflection of the flow profile represented 
the diameter of jet flow. 
3. The orifice area and the diameter of the orifice were calculated with a 
more automated method based on the mean of 18 pressure curves in right 
ventricle and pulmonary artery. For the orifice area calculation the mean 
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systolic pressure drop (Gorlin & Gorlin), the maximum systolic pressure 
drop (Bache) and peak-to-peak systolic pressure drop (Bache) were used. 
Oxygen consumption was measured and used in calculation of the cardiac 
output applying Pick's principle on oxygen transport. 
4. The orifice diameter was also measured by the surgeon at the time of 
operation. The Hégar probe that just fitted without stretching the valve 
leaflets represented the orifice diameter. 
The outcome of these four methods was compared with reference values for 
normal orifice diameters obtained from literature. 
To determine the conformity between the jet diameter on the (cine)angio-
cardiogram and the measurement at operation an investigation of forty 
children was carried out. It was concluded that the difference between the jet 
diameter on the angiogram and the probe diameter is small in cases of severe 
pulmonary valve stenosis (RV/LV > 1). The same held true for the valve area 
index and for the reduction of the valve area. A large diameter of about 7 
mm was suggestive of a not severe pulmonary valve stenosis. There appears to 
be a difference between the functional opening (jet diameter on the angio-
cardiogram) and the anatomical opening (probe size at operation) at least in 
the cases of mild to moderate pulmonary valve stenosis. 
Subsequently in eleven children with pulmonary valve stenosis and moreover 
in four children with aortic valve stenosis the jet diameter on the cineangio-
cardiogram was compared to the one measured with multigate pulsed Doppler 
and the measure of the surgeon. 
The diameter of the jet on the angiocardiogram was in good agreement with 
the multigate pulsed Doppler diameter in all children with both types of 
semi-lunar valve stenosis. Only in cases of severe valve stenosis the jet diam-
eter was in good correspondence with the measure at operation. 
These findings suggest that in cases of severe stenosis the functional orifice 
(multigate pulsed Doppler and jet on the angio) gets near to the anatomical 
diameter (probe measurement). 
The multigate pulsed Doppler diameter was at first estimated manually. The 
manual estimate was performed by an experienced and by an inexperienced 
investigator. The manual estimation of the experienced investigator was al-
ways in good accordance with the jet diameter on the angiocardiogram. The 
results of the inexperienced investigator were less accurate. 
In the in vitro experiment the value of the parabola algorithm in automated 
multigate pulsed Doppler diameter estimation was shown. As in vivo even 
more data are sampled it is obvious that using this automated algorithm could 
reduce the time of investigation and give an objective method to estimate the 
orifice diameter in children with pulmonary valve stenosis. 
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However, there appeared to be a large difference in consistency between the 
profiles in vitro and in vivo. In vivo more disturbance is caused by ventilation 
and heart movement. Moreover, not only parabolic profiles were seen but also 
double parabolas (S-curves), so the results of the parabola fit were not as 
good as expected. Therefore other automated algorithms were developed, such 
as double parabola, combination of parabola and double parabola, and the 
interquartile range. 
Comparing the results of the various automated algorithms the parabola fit 
presented the best results. These results could be improved when the profiles 
were pre-screened by the experienced investigator. Pre-screening consisted of 
removing all the profiles in which no real consistent jet diameter could be 
recognized as a consequence of disturbances. 
The parabola algorithm is promising in combination with pre-screening, but 
further development is necessary. At this moment the manual estimation of 
the profiles by an experienced investigator can not be excelled by automated 
procedures. 
Finally the results of the investigation of twenty-five children with pul-
monary valve stenosis are discussed. In ten patients only three methods of 
measuring a stenotic orifice were used: jet diameter on the angio, multigate 
pulsed Doppler diameter, and probe measure at operation. In the other fifteen 
all four methods were tried: the three methods mentioned before and the 
hydrodynamic area diameter calculation. 
In all but two children the jet diameter could be measured non-invasively 
with multigate pulsed Doppler, independent of the classification of the 
RV/LV ratio. The jet on the angio was chosen as measure to compare with. 
The diameter derived from the Gorlin & Gorlin formula was less suitable to 
predict the orifice diameter. 
When the pulmonary valve stenosis is severe a better agreement existed 
between the measure of the surgeon (anatomical orifice) and the jet diameter 
(functional orifice) than in cases of a less severe pulmonary valve stenosis 
(RV/LV < 1) In these less severe cases the surgeon nearly always measured a 
larger orifice diameter, so a discrepancy between the anatomical and func-
tional opening existed. 
In this thesis it is shown that non-invasive measurements of a jet with multi-
gate pulsed Doppler are as consistent as the invasive measurements by angio-
cardiography. The diameter of the jet that is measured on the lateral (cine)-
angiocardiogram is of the same size as the multigate pulsed Doppler cross-
sectional flow profile independent of the severity of the stenosis. 
Predicting severity based on estimated jet or ostium flow diameter is not 
possible by lack of correlation between the RV/LV ratio and the jet diameter. 
However, there exists a high correlation between the RV/LV (or LV/RV) 
ratio and the measure at operation. 
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SAMENVATTING 
Bij kinderen met een valvulaire pulmonaal sténose (vernauwing van de long-
slagaderklep) kan tijdens angiografie met behulp van contrastvloeistof in de 
rechter kamer een jetstroom worden waargenomen in de longslagader. Het 
doel van dit onderzoek was het beantwoorden van de volgende drie vragen 
betreffende deze jetstroom: 
1. Is de jet zoals deze met meerkanaals pulsed Doppler wordt gemeten 
dezelfde als die op het angiocardiogram wordt gezien? 
2. In welke mate bestaat overeenkomst tussen vier verschillende methoden ter 
bepaling van de vernauwing van de longslagaderklep bij kinderen met een 
valvulaire pulmonaal sténose? Deze vier methoden zijn: 
- meting van de diameter van de jetstroom op het angiocardiogram, 
- meting van de diameter van de jetstroom of van de bloedstroom door de 
vernauwde opening (ostiumstroom) met behulp van een meerkanaals 
pulsed Doppler systeem, 
- berekening van het oppervlak en de diameter van het ostium, 
- meting van de diameter van het ostium tijdens operatie. 
3. Is het mogelijk om de diameter van de bloedstroom door de kleppen van 
de longslagader of de diameter van de jet te bepalen met een geautomati-
seerde methode ten einde een objectieve, onafhankelijke schatting te 
kunnen maken? 
Het was niet het doel van dit proefschrift met behulp van meerkanaals pulsed 
Doppler een uitspraak te doen over de ernst van de valvulaire pulmonaal 
Stenose. Aangezien de jet wordt veroorzaakt door de klepvernauwing, ligt een 
verband tussen de diameter van de jet en de mate van vernauwing voor de 
hand. Een niet-invasieve (onbloedige) bepaling van de jet heeft voordelen 
boven de ïnvasieve (bloedige) bepaling zoals deze bij angiografie plaatsvindt. 
De aanleiding tot dit proefschrift was een waarneming bij een zuigeling met 
een valvulaire pulmonaal sténose (hoofdstuk 5). In dit geval bleek de diameter 
van de jet, bepaald met het meerkanaals pulsed Doppler systeem, in goede 
overeenstemming te zijn met de meting van het ostium tijdens de operatie. 
Ten einde een beter inzicht te verkrijgen in de aard van de aangeboren valvu-
laire pulmonaal sténose werd literatuur bestudeerd betreffende het verloop, de 
symptomen bij lichamelijk onderzoek en het cardiologisch onderzoek. 
In 8-10% van alle aangeboren hartafwijkingen komt deze afwijking voor. 
Door middel van hartcatheterisatie kan de ernst van de valvulaire pulmonaal 
sténose worden uitgedrukt als de verhouding tussen de systolische druk in de 
rechter en in de linker kamer (of aan de arm): de RV/LV ratio. De volgende 
indeling voor valvulaire pulmonaal sténose werd in dit onderzoek geïntrodu-
ceerd: 
licht matig ernstig 
RV/LV < 0,5 0,5 < RV/LV < 1 RV/LV > 1 
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Met het meerkanaals pulsed Doppler systeem kan de jetstroom niet-invasief 
worden gemeten. Het voordeel van het meerkanaals pulsed Doppler systeem is 
dat gelijktijdig stroomsnelheden worden gemeten op verschillende diepten in 
een vat, waardoor een stroomprofiel kan worden samengesteld. 
Door koppeling van het meerkanaals pulsed Doppler systeem aan een ATL 
Mark V twee-dimensionale sectorscanner kan de plaats van meting nauw­
keurig worden bepaald. Meerkanaals pulsed Doppler bestaat uit 64 eenheden 
(sample volumes) met een totale lengte van 64 χ 0,6 = 38,4 mm. Het aantal 
sample volumes waarin hoge snelheden worden gemeten, stelt de ongecorri­
geerde jet diameter voor. Na correctie voor de hoek tussen de ultrageluids­
bundel en de richting van de jetstroom kan de diameter worden berekend. 
Om meer informatie te krijgen over de eigenschappen van het meerkanaals 
pulsed Doppler systeem bij het meten van een vernauwing, werd een in vitro 
experiment uitgevoerd. Er werd een stroommodel ontworpen waarin afwis­
selend drie verschillende ronde vernauwingen konden worden geplaatst. Met 
meerkanaals pulsed Doppler werd de diameter van de jetstroom gemeten bij 
verschillende waarden voor het Reynolds getal en op verschillende afstanden 
stroomafwaarts van de vernauwing. 
De stroompatronen gemeten met behulp van meerkanaals pulsed Doppler 
bleken een min of meer parabolische vorm te hebben. Op basis van deze 
parabolische vorm werd een algoritme ontwikkeld waarmee de diameter van 
een jetstroom met succes op geautomatiseerde wijze kon worden berekend. 
Het systolische drukverval is afhankelijk van de definitie (gemiddeld, maxi­
maal of "peak-to-peak"), van de ernst van de vernauwing en van het hart-
minuutvolume. In dit onderzoek werd hartcatheterisatie gebruikt voor het 
bepalen van de jet op het (cine)angiocardiogram, voor het berekenen van de 
diameter van het oppervlak van de vernauwing en voor het bepalen van de 
RV/LV ratio. 
De diameter van de vernauwde opening werd met vier verschillende metho­
den berekend. 
1. De diameter van de jet op het angiocardiogram werd gemeten waarbij de 
diameter van de catheter werd gebruikt om de vergrotingsfactor te bereke­
nen. Drie onafhankelijke metingen werden gemiddeld en het gemiddelde 
werd gebruikt bij verdere berekeningen. 
2. Met meerkanaals pulsed Doppler werd de jet diameter gemeten in het 
stroomprofiel. De ultrageluidsbundel doorsneed de jet onder een bijna 
rechte hoek. De normale stroomsnelheid in de longslagader is laag, terwijl 
de jet een hoge snelheid heeft en dit wordt gezien als een parabool-achtig 
profiel. De diameter van dit profiel stelt de diameter van de jetstroom 
voor. 
3. De vernauwing werd berekend met behulp van een meer geautomatiseerde 
methode die is gebaseerd op het gemiddelde van 18 drukcurves in de 
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rechter kamer en longslagader. Voor deze methode werd de gemiddelde 
systolische drukdaling berekend volgens de formule van Gorlin & Gorlin, 
de maximale systolische drukdaling volgens Bache en de "peak-to-peak" 
systolische drukdaling eveneens volgens Bache. De zuurstofconsumptie 
werd gemeten en gebruikt bij berekening van het hart-minuut volume 
volgens het principe van Fick. 
4. De diameter van de pulmonaal sténose werd eveneens tijdens operatie 
bepaald. De Hégar sonde die juist in de opening paste zonder de kleppen 
op te rekken, werd beschouwd als de maat van de opening. 
De resultaten van deze vier methoden werden vergeleken met referentiewaar-
den uit de literatuur. 
Voor het bepalen van het verband tussen de jet diameter op het (cine)-
angiocardiogram en de metingen tijdens operatie werd een onderzoek uitge-
voerd bij veertig kinderen. Geconcludeerd werd dat het verschil tussen de 
diameter van de jet op het angiocardiogram en de diameter gemeten bij ope-
ratie klein is in gevallen van ernstige valvulaire pulmonaal sténose 
(RV/LV > 1). Indien de diameter ongeveer 7 mm was, kon een niet ernstige 
valvulaire pulmonaal sténose worden aangenomen. Er blijkt een verschil te 
zijn tussen de functionele opening (diameter van de jet op het angiocardio-
gram) en de anatomische opening (maat van de sonde bij operatie), tenminste 
in gevallen van lichte tot matige valvulaire pulmonaal sténose. 
Vervolgens werd bij elf kinderen met valvulaire pulmonaal sténose en bij vier 
kinderen met valvulaire aorta sténose de diameter van de jet op het cine-
angiocardiogram vergeleken met de resultaten van de metingen met behulp 
van meerkanaals pulsed Doppler en met de metingen van de chirurg. 
De diameter van de jet op het angiocardiogram kwam bij alle kinderen met 
beide typen vernauwingen goed overeen met de meerkanaals pulsed Doppler 
meting. Alleen bij ernstige valvulaire pulmonaal sténose bestond overeenstem-
ming met de metingen van de chirurg. Ook deze resultaten wijzen erop dat 
bij ernstige valvulaire pulmonaal sténose de functionele opening de anato-
mische opening benadert. 
De diameter verkregen met meerkanaals pulsed Doppler diameter werd eerst 
handmatig bepaald. Deze handmatige schatting werd uitgevoerd door een 
ervaren en een onervaren onderzoeker. De handmatige schatting van de erva-
ren onderzoeker kwam steeds goed overeen met de diameter van de jet op het 
angiocardiogram. De resultaten van de onervaren onderzoeker waren minder 
nauwkeurig. De waarde van het algoritme gebaseerd op de parabool was in 
vitro reeds aangetoond. Aangezien in vivo nog meer data worden verzameld 
zou dit geautomatiseerde algoritme een belangrijke tijdsbesparing kunnen 
opleveren en een objectieve maat kunnen leveren voor de ostium diameter in 
kinderen met valvulaire pulmonaal sténose. 
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Er bleek echter een groot verschil te bestaan tussen de toepassing van het 
algoritme in vitro en in vivo. In vivo wordt storing veroorzaakt door de 
ademhaling en hartslag. Bovendien ontstonden niet alleen parabool-achtige 
profielen, maar ook dubbele parabolen (S-curves) waardoor de resultaten van 
de parabool-fit minder goed waren dan verwacht. Daarom werden andere 
algoritmes ontwikkeld, zoals een dubbele parabool, een combinatie van een 
parabool en een dubbele parabool en de "interquartile range" (tussen de 75ste 
en 25ste percentiel). 
Bij vergelijking van de verschillende geautomatiseerde algoritmes bleek de 
parabool-fit de beste resultaten op te leveren. De resultaten konden worden 
verbeterd door het vooraf selecteren van de profielen door de ervaren onder-
zoeker. Bij de selectie verwijderde de onderzoeker alle slechte profielen en 
verstoringen waarin geen jet kon worden onderscheiden. 
Het parabool-algoritme is waardevol in combinatie met een selectie vooraf, 
maar zal verder moeten worden ontwikkeld. Momenteel levert de handmatige 
schatting van de profielen door een ervaren onderzoeker betere resultaten dan 
de geautomatiseerde procedures. 
Tenslotte worden de resultaten van vijfentwintig kinderen met valvulaire 
pulmonaal sténose besproken. Bij vijftien patiënten werden de vier meet-
methoden toegepast, bij tien andere slechts drie meetmethoden (geen hydro-
dynamische berekening van de diameter van de sténose). De jet diameter kon 
bij nagenoeg alle kinderen niet-invasief worden gemeten met meerkanaals 
pulsed Doppler, onafhankelijk van de indeling van de RV/LV ratio. De jet op 
het angio werd beschouwd als referentiewaarde. De diameter die met de 
Gorlin & Gorlin formule werd verkregen was daarvoor minder geschikt. In 
ernstige valvulaire pulmonaal sténose (RV/LV > 1) bestond een nauwe 
samenhang tussen de meerkanaals pulsed Doppler meting van de diameter 
(functionele opening) en de maat van de sonde bij operatie (anatomisch dia-
meter). In minder ernstige valvulaire pulmonaal sténose (RV/LV < 1) was de 
maat van de sonde bijna steeds groter, zodat in die gevallen geen overeen-
stemming bestond tussen de functionele en de anatomische opening. 
In dit proefschrift wordt aangetoond dat niet-invasieve meting van een jet 
met meerkanaals pulsed Doppler even consistent is als invasieve meting met 
behulp van angiocardiografie. De diameter van de jet op het laterale (cine)-
angiocardiogram heeft dezelfde maat als het stroomprofiel gemeten met meer-
kanaals pulsed Doppler onafhankelijk van de ernst van de sténose. 
De ernst van de sténose kan niet op grond van de geschatte jet of diameter 
van de stroom door de vernauwde opening worden bepaald, doordat de 
correlatie tussen de RV/LV ratio en de jet diameter ontbreekt. Er bestaat 
echter wel een hoge correlatie tussen de RV/LV (of LV/RV) ratio en de 
meting tijdens operatie. 
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S T E L L I N G E N B E H O R E N D E B I J H E T P R O E F S C H R I F T 
DIAGNOSIS OF CONGENITAL PULMONARY VALVE STENOSIS 
A COMPARATIVE STUDY USING MULTIGATE PULSED DOPPLER 
S. D E K N E C H T 
NIJMEGEN, 8 MEI 1990 
STELLINGEN 
I 
Met meerkanaals pulsed Doppler kan op niet-invasie ve wijze de diameter van 
de post-stenotische jetstroom even goed als op het laterale angiocardiogram 
worden bepaald. 
II 
Als bij niet-ernstige valvulaire pulmonalis sténose een discrepantie wordt 
gevonden tussen de diameter van het ostium bepaald tijdens operatie en de jet 
diameter op het angiocardiogram, is dit het gevolg van het verschil tussen de 
anatomische en de functionele opening van de pulmonalis klep. 
III 
Het begrip drukgradient wordt ten onrechte gebruikt bij het aangeven van het 
drukverschil proximaal en distaal van een vernauwde klep. 
IV 
De "at glance" of "eye ball" analyse, nodig voor het herkennen van stroom-
profielen, is bij de mens beter ontwikkeld dan bij de computer. 
V 
Er is onvoldoende bekend over het resultaat op lange termijn van valvectomie 
bij valvulaire pulmonalis sténose met of zonder ventrikel septum defect. Op 
den duur is waarschijnlijk toch een klepvervangende operatie noodzakelijk 
om de rechter ventrikel te ontlasten. 
VI 
Indien er bij een valvulaire pulmonalis sténose een bijkomende tricuspidalis-
klep insufficiëntie bestaat, kan de RV/LV systolische druk ratio op 
onbloedige wijze met Doppler worden geschat. 
VII 
De toegevoegde waarde van het gebruik van kleuren in de echo-Doppler 
diagnostiek is moeilijk te bewijzen. Wel verloopt het onderzoek aanzienlijk 
efficiënter. Dit argument zou door managers in de gezondheidszorg als 
toegevoegde waarde moeten worden geaccepteerd. 
VIII 
Bij neonaten geeft het voelen van pulsaties van de arteria femoralis geen 
uitsluitsel of er een coarctatio aortae bestaat. 
IX 
Kinderen met een aangeboren hartafwijking kunnen tijdens maximale 
inspanning hartfrequenties boven 190 slagen per minuut bereiken (Binkhorst 
et al. 1979). Met de huidige DDD pacemakers kunnen deze hartfrequenties 
niet worden bereikt, zodat kinderen met een dergelijke pacemaker kunstmatig 
een beperking wordt opgelegd. 
RA Binkhorst et al. Hart 
Bulletin 10(1979)91-95. 
X 
Indien men wegens gestoorde lengtegroei bij het syndroom van Noonan het 
toedienen van groeihormoon overweegt, dient het effect van groeihormoon op 
een eventueel aanwezige hypertrofische cardiomyopathie bekend te zijn. 
XI 
Dat het gebruik van multivitamine preparaten of van foliumzuur door aan-
staande moeders het ontstaan van afwijkingen aan de neurale buis van het 
ongeboren kind zou voorkomen, wordt niet door resultaten van epidemio-
logisch onderzoek gesteund. 
JL Mills et al. N Engl J Med 
321 (1989) 430-435. 
XII 
In Collins Dictionary of Spelling & Word Division en in Longman Dictionary 
of contemporary English wordt het afbreken van Engelse woorden verschil-
lend aangegeven. Als deze twee gerenommeerde woordenboeken het al niet 
met elkaar eens zijn, hoe kan dan een promovendus een juiste keus maken. 
XIII 
Het bloed stroomt waar het niet gaan kan; bij een valvulaire pulmonalis 
sténose zelfs van een laag naar een hoog drukgebied. 
XIV 
Hoewel een Nederlander het hart op de tong kan hebben liggen, slikt hij toch 
niet alles. Volgens de Nederlandse kookboeken laat hij namelijk het eten van 
hart aan zijn huisdier over. 



